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ABSTRACT
Furunculosis due to Aeromonas salmonicida and bacterial kidney disease (BKD) caused
by Renibacterium salmoninarum are both important bacterial fish diseases causing
health problems in both farmed and wild salmonid fish worldwide. In this study
biochemical and molecular characteristics of A. salmonicida were examined to develop
a scheme to differentiate between typical and atypical A. salmonicida strains, to
characterize the atypical A. salmonicida strains and to study the molecular typing
methods as tools in the epidemiology of furunculosis and related diseases. The survival
of R. salmoninarum in disinfection process and in water environment was examined,
as well as the properties and pathogenity of the atypical growth of this pathogen. The
literature on furunculosis and bacterial kidney disease is reviewed.
Aeromonas salmonicida subsp. salmonicida and the atypical Aeromonas salmonicida
strains were differentiated using a set of biochemical tests including the production of
acid from sucrose, fermentation of α-methyl-D-glucoside, hydrolysis of Tween 80,
haemolysis, production of gas from glucose or maltose, production of acid from L-
arabinose, salicin and arbutin, and hydrolysis of aesculin. The molecular methods
used, ribotyping and plasmid profiling distinguished Aeromonas salmonicida subsp.
salmonicida from the atypical Aeromonas salmonicida strains.
Characterization of Aeromonas salmonicida subsp. salmonicida using ribotyping showed
that the Finnish strains formed a very homogeneous group. A Swedish strain isolated
from a fish farm situated at the Bothnian Bay had the same ribopattern as the Finnish
strains, possibly indicating a common source of the infection. Other strains from Swe-
den, Denmark, Norway and Canada had distinct types, but the differences between
the types were small suggesting low diversity for A. salmonicida subsp. salmonicida.
The results of randomly amplified polymorphic DNA (RAPD) typing had no association
between geographic area or fish species.
Atypical A. salmonicida strains formed a very heterogeneous group when tested for
their biochemical characters. The Finnish atypical strains could not be identified as
any of the previously described subspecies. Atypical strains could be divided into
pigment-producing and achromogenic strains, presuming the use of a medium
containing L-tyrosine and incubation of the medium for 7 days at 20-22ºC for the
detection of the brown pigment. Ribotyping divided atypical A. salmonicida strains into
4 clusters, one of them containing two subclusters. Achromogenic and pigment
producing strains clustered in separate clusters or subclusters. Ribotyping combined
with PFGE pattern analysis were the methods of choice  for epidemiological studies of
the atypical isolates.
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Disinfection with hypochlorite reduced effectively the counts of culturable Renibacterium
salmoninarum cells. However, using an enrichment  broth for the examination of the
test mixtures revealed that small numbers of injured but still viable cells of Renibacterium
salmoninarum were present at all concentrations of free chlorine after the treatment,
probably due to aggregation of the bacteria. Renibacterium salmoninarum survived for
an extended period in river water.  After storage in autoclaved river water at 16 ºC for
up to 20 weeks viable R. salmoninarum cells were still detected.
Atypical growth of R. salmoninarum isolated from subclinically infected rainbow trout
was able to convert to the smooth colony form in experimental infection as well as in
laboratory trials. PCR was the most reliable method for the identification of the atypical
growth as R. salmoninarum.
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1  INTRODUCTION
Furunculosis due to Aeromonas salmonicida (A. salmonicida) and bacterial kidney
disease (BKD) caused by Renibacterium salmoninarum (R. salmoninarum) are two
important bacterial fish diseases causing health problems in both farmed and wild
salmonid fish worldwide (Fryer & Lannan 1993, Bernoth 1997a). In Finland, furunculosis
was detected for the first time in 1986 in Northern Finland in the coastal area of the
Bothnian Bay, from where it gradually spread to inland farms (Rintamäki & Koski 1987).
Bacterial kidney disease was first detected in 1989 in the Åland archipelago, and since
1995 it has also been recorded at inland fish farms, mainly those producing rainbow
trout (Rimaila-Pärnänen 2002). The persistence of the infection in the fish population
through chronic carriers of the pathogen is a common epidemiological feature for both
furunculosis (McCarthy & Roberts 1980) and BKD (Klontz 1983).
R. salmoninarum is the only species of the genus Renibacterium (Sanders & Fryer
1980) showing a marked degree of biochemical and genetic uniformity (Goodfellow et
al. 1985, Bruno & Munro 1986b, Starliper 1996, Grayson et al. 1999). The taxonomy of
the bacteria belonging to the genus Aeromonas is more complex. Several new species
have been recognized during the last two decades, and hitherto 15 Aeromonas species
have been described, with two DNA hybridization groups (HG) remaining without a
species name (Soler et al. 2004). Aeromonas salmonicida forms HG3 (Janda 1991),
which has a close phylogenetic relationship with A. bestiarum belonging to HG2 (Yáñez
et al. 2003). However, analysis of the rpoD sequence encoding σ70 factor has provided
evidence of clear phylogenetic divergence between these two species (Soler et al.
2004). Five subspecies of A. salmonicida have been described, of which A. salmonicida
subsp. salmonicida forms a homogeneous group with respect to both phenotypic
properties (Austin et al. 1989, Toranzo et al. 1991, Dalsgaard et al. 1994) and genetic
characterization (Belland & Trust 1988, Dalsgaard et al. 1994, Nielsen et al. 1994b,
Miyata et al. 1995, Umelo & Trust 1998, Livesley et al. 1999, O’hIci et al. 2000). The
intra-species taxonomy of the other strains of this species, often referred to as a group
as atypical A. salmonicida, is still rather ambigious because of heterogeneity among
these isolates (Wiklund & Dalsgaard 1998). However, in both Finland and Sweden,
control measures to prevent the spread of furunculosis are directed only at cases that
concern typical isolates, and the development of methods to distinguish between typical
and atypical isolates for the diagnostics of A. salmonicida has therefore been essential.
Since the 1980s, molecular methods have provided useful tools for diagnostic
microbiology as well as for taxonomic and epidemiological studies on pathogenic
bacteria. In the earlier reports of A. salmonicida, plasmid profile analysis was the most
commonly used method (Bast et al. 1988, Belland & Trust 1988, Toranzo et al. 1991,
Sörum et al. 1993). However, since 1994 ribotyping, randomly amplified polymorphic
DNA (RAPD), pulsed-field gel electrophoresis (PFGE) and polymerase chain reaction
(PCR) have also been adopted for diagnostic and epidemiological studies on this species
(Nielsen et al. 1994b, Hänninen & Siitonen 1995, Miyata et al. 1995, Pedersen et al.
1996, Kwon et al. 1997, Austin et al. 1998, Umelo & Trust 1998, Höie et al. 1999,
Livesley et al. 1999, Yamada et al. 2000, Garcia et al. 2000, O’hIci et al. 2000, Lund et
al. 2002b).
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Even though considerable knowledge exists concerning BKD and the causative agent,
R. salmoninarum, many aspects of the epidemiology of the disease are still poorly
understood (Evenden et al. 1993, Fryer & Lannan 1993). Vertical transmission of the
disease through infected eggs has been intensively investigated (Bullock et al. 1978,
Evelyn et al. 1984, Evelyn et al. 1986a, Bruno & Munro 1986a, Lee & Evelyn 1989,
Pascho et al. 1991), and it is known to play an important role in the maintenance of R.
salmoninarum infection in the fish population (Fryer & Lannan 1993). Horizontal
transmission through water is known to occur in natural conditions (Pippy 1969, Mit-
chum & Sherman 1981, Sakai et al. 1992). However, R. salmoninarum has been
reported to have a limited capacity to survive in the aquatic environment (Austin &
Rayment 1985, Evelyn 1988, Balfry et al. 1996).
BKD is difficult to control (Elliott et al. 1989). To eradicate  the disease, the destruction
of infected stocks and the complete disinfection of holding facilities are recommended
(Fryer & Sanders 1981). However, apart from studies concerning the treatment of
infected eggs, there have been few published reports on the efficiency of disinfection
against R. salmoninarum (Ross & Smith 1972, Pascho et al. 1995, Pascho & Ongerth
2000).
In Finland, cultivation has for over ten years been the principal diagnostic tool for
detecting carrier fish infected with R. salmoninarum. On agar media, R. salmoninarum
produces creamy-yellow, convex, smooth colonies (Sanders & Fryer 1980). The growth
is very slow, often requiring several weeks of incubation (Sanders & Fryer 1980), and
visible colonies may take as long as 19 weeks to develop in cases where there are low
numbers of bacteria (Benediktsdóttir et al. 1991). In addition to conventional colonies
of R. salmoninarum, atypical growth, presumably R. salmoninarum, is occasionally
observed in agar cultures. However, the identification of this growth type has been
difficult because the subcultures following the primary cultivation often fail to grow.
In the present study, literature on the fish pathogens A. salmonicida and R. salmoninarum
is reviewed. The biochemical properties and molecular characterization of A. salmonicida
are examined. The survival of R. salmoninarum during the disinfection process and in
the aquatic environment is examined, as well as the properties of the atypical growth
form of this pathogen.
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2  REVIEW OF THE LITERATURE
2.1  FURUNCULOSIS AND RELATED DISEASES
2.1.1  Definition of the terms
Furunculosis was reported for the first time as early as in 1894 in Germany (Emmerich
& Weibel 1894). The name furunculosis was given because the diseased fish had
furuncle-like swellings, which were ulcerative at a later stage of the disease. In the
earlier literature the causative agent was referred to as Bacterium or Bacillus salmonicida
(McCraw 1952), but it was later named Aeromonas salmonicida by Griffin et al. (1953).
Isolates of the bacterium initially appeared to be very homogeneous, but from the
1960s an increasing number of studies reported isolates with properties differing from
those of the typical strains of A. salmonicida, the first of these being an article by Smith
(1963). McCarthy (1977) classified A. salmonicida into two groups comprising typical
and atypical strains (McCarthy 1977b). Popoff (1984) divided A. salmonicida into three
subspecies: subsp. salmonicida, subsp. achromogenes and subsp. masoucida, with
the typical isolates belonging to the first subspecies. A fourth subspecies, subsp. smithia,
was proposed by Austin et al. (1989), and subsp. pectinolytica by Pavan et al. (2000).
The typical isolates representing A. salmonicida subsp. salmonicida form a very
homogeneous group (Belland & Trust 1988, Austin et al. 1989, Toranzo et al. 1991,
Dalsgaard et al. 1994, Nielsen et al. 1994b, Miyata et al. 1995, Umelo & Trust 1998,
Livesley et al. 1999, O’hIci et al. 2000), while the taxonomy of atypical A. salmonicida
is still ambiguous, regardless of attempts to classify them into several subspecies
(Bernoth 1997b, Vaughan 1997, Wiklund & Dalsgaard 1998).
The discrepancy in the taxonomy of Aeromonas salmonicida has also affected the
nomenclature used for the diseases caused by this pathogen. Earlier, the term
furunculosis was used in principal to cover all fish diseases caused by Aeromonas
salmonicida, even though it was specifically used for those infections of salmonids in
which the furuncle was extant (McCarthy & Roberts 1980). Subsequently, the diseases
caused by atypical isolates in non-salmonid fish have been referred to as carp
erythrodermatitis (Böhm et al. 1986), goldfish ulcer disease (Whittington et al. 1987)
and skin ulcer disease of flounder (Wiklund 1994), and in salmonid fish as A.S.A.
infection according to subsp. achromogenes (Ljungberg & Johansson 1977), ulcerative
furunculosis (Paterson et al. 1980a, Paterson 1983), infectious dermatitis, atypical A.
salmonicida infection (Wichardt et al. 1989) or atypical furunculosis (Groman et al.
1992, Gudmundsdóttir 1997, Ingilæ et al. 2000). Ljungberg & Johansson (1977) pointed
out that it was essential from an epizootiological point of view to identify typical and
atypical A. salmonicida infections as two separate diseases. According to these authors,
only infections caused by subsp. salmonicida should be called furunculosis. This view
has been supported by several other authors (Paterson et al. 1980b, Wichardt et al.
1989, Wiklund & Dalsgaard 1998).  However, some authors have not shared the defi-
nition of the disease on the basis of the subtype of the isolate. For example, Bernoth
(1997) stated that furunculosis is only one of several clinical diseases associated with
A. salmonicida (Bernoth 1997a). She concluded that furunculosis has been reported
from almost all regions with salmonid aquaculture or wild salmonid stocks, and that A.
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salmonicida is also associated with a variety of diseases in non-salmonids (Bernoth
1997a), without defining the term furunculosis more accurately. The procedure for the
diagnosis of furunculosis proposed by Bernoth, however, identifies A. salmonicida
without separating typical and atypical isolates, and she states that any further approach
into differentiating among subspecies should be treated cautiously (Bernoth 1997b). It
can be concluded that (1) the taxonomy of atypical isolates of A. salmonicida is still
ambiguous and (2) the terms used for the diseases caused by A. salmonicida vary
between geographical areas.
In this thesis the term furunculosis is used for infections caused by typical isolates or
A. salmonicida subsp. salmonicida. Infections caused by atypical A. salmonicida are
referred to as related diseases, atypical infections or atypical A. salmonicida infections.
2.1.2  Occurrence
2.1.2.1  Host range
Aeromonas salmonicida infections have an extensive host range, occurring in both the
freshwater and marine environment and in wild and farmed fish of all ages (Herman
1968, McCarthy 1977a, Bernoth 1997a, Wiklund & Dalsgaard 1998). It has been
postulated that almost any fish species can serve as a reservoir of infection, which
highlights the magnitude of the problem of eradicating this disease (Herman 1968).
Fish of the family Salmonidae are considered to be the most susceptible to furunculosis,
particularly brook trout (Salvelinus fontinalis (Mitchill)), Atlantic salmon (Salmo salar
L.) and also brown trout (Salmo trutta L.), with rainbow trout (Oncorhynchus mykiss
(Walbaum)) being relatively resistant (McCarthy 1977a). According to McCarthy &
Roberts (1980), the apparent predisposition of A. salmonicida to salmonids may,
however, be simply an indication that this is the group on which the greatest volume of
research has been carried out, because they are usually the most valuable species in
developed countries.
2.1.2.2  Geographical distribution
Typical and atypical A. salmonicida infections have been reported worldwide, with the
exception of New Zealand and South America (Bernoth 1997a). Atypical infections,
however, occur most often in the temperate regions of the northern hemisphere,
including Canada, the USA, Japan and central and northern Europe (Wiklund &
Dalsgaard 1998).
In Finland, furunculosis was detected for the first time in 1986 in the coastal area of the
northern part of the Bothnian Bay (Rintamäki & Koski 1987). A. salmonicida subsp.
salmonicida was isolated from wild Atlantic salmon brood fish caught from the Bothnian
Bay and kept at a fish farm for egg production. Later in the same year, two inland farms
situated in northern and central Finland and one sea farm on the south-western coast
were also found positive (Rintamäki & Koski 1987). In 1988 furunculosis was detected
at 17 fish farms, 10 of them situated in the northern parts of the country (Keränen et al.
1992). A. salmonicida subsp. salmonicida has so far been isolated from several fish
18
FISH PATHOGENS AEROMONAS SALMONICIDA AND RENIBACTERIUM SALMONINARUM: DIAGNOSTIC AND EPIDEMIOLOGICAL ASPECTS
species, including Atlantic salmon, rainbow trout, sea trout (Salmo trutta m. trutta (L.)),
brown trout (Salmo trutta m. fario (L.)), brown trout (Salmo trutta m. lacustris (L.))
arctic char (Salvelinus alpinus (L.)), lake trout (Salvelinus namaycush (Walbaum)),
grayling (Thymallus thymallus (L.)), whitefish (Coregonus spp.),  burbot (Lota lota (L.))
and dace (Leuciscus leuciscus (L.)) (Rintamäki & Koski 1987) (Unpublished data from
the National Veterinary and Food Research Institute, EELA). Even though furunculosis
is now widespread in Finland, there are still 12 water basins where part of their area is
free of the disease. According to the regulations of the Ministry of Agriculture and
Forestry, the transport of live fish and eggs into these areas is restricted to prevent the
introduction of furunculosis.
The history of atypical infections in Finland is not well documented. Ojala (1966) reported
an outbreak in 1964 caused by an atypical isolate of A. salmonicida in lake trout brood
fish at a fish farm in southern Finland.  Rintamäki & Koski (1987) mentioned that
outbreaks caused by an achromogenic variant of A. salmonicida were detected annually
through a disease monitoring programme at several fish farms producing salmon. It
was not until 24 years after Ojala’s report (1966), however, that the next description of
atypical A. salmonicida infection in Finland was published by Wiklund (1990), who
isolated the pathogen from ulcers on pike caught from the sea area in south-western
Finland. Wiklund & Bylund (1991) also isolated atypical strains from ulcerated flounders
from the same sea area. Rintamäki & Valtonen (1991) monitored five fish farms, four
of them situated in northern Finland and one in the central part of the country, and
reported atypical isolates causing constant heavy losses in brown trout and sea trout
at some of the farms. According to the diagnostic data of the National Veterinary and
Food Research Institute, atypical A. salmonicida is now a frequently isolated pathogen
both from farmed and wild fish, the species involved being whitefish, rainbow trout,
sea trout, brown trout, arctic char, grayling, dace and roach (Rutilus rutilus (L.)). The
twenty years’ pause in the occurrence of atypical infections in Finland between the
1960s and 1980s may be due to insufficient laboratory facilities and the minute volume
of diagnostics carried out in the field of fish pathogens during that period. It is, however,
probable that atypical infections have occurred in Finland in both farmed and wild fish
populations long before the first furunculosis outbreaks.
2.1.3  Clinical signs and treatment
Clinical furunculosis is a septicaemic disease that is manifested as a peracute, acute,
subacute or chronic form (McCarthy 1977a, McCarthy & Roberts 1980). In addition to
these, Herman (1968) proposed a latent form of infection in which there is no mortality
and no symptoms, but the bacterium can be isolated (Herman 1968). The term “latent
infection” was suggested to be changed to “clinically inapparent” or “covert” infection
by Hiney et al. (1997), who further divided covert infection into three types related to
the diagnostic methods used for the detection of the infection (see 1.3.3.). The acute
forms cause high mortality while in subacute and chronic forms the onset of the disease
is more gradual and mortality relatively low (McCarthy 1977a).
Clinical features of furunculosis have been reviewed by McCarthy and Roberts (1980)
as follows. The peracute form of furunculosis usually occurs in fingerling fish with the
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following clinical signs: darkening in colour, tachybranchia. exophthalmosis,
haemorrhages at the pectoral fin base and high mortality. The acute form is common
in growing fish and adults, which show signs that are typical of an acute bacterial
septicemia: darkening in colour, lack of appetite, lethargy, tachybranchia and small
hemorrhages at the base of the fins. Furuncles may develop, but not continuously, and
they may rupture to release highly infective material. The fish usually die within two or
three days. Subacute and chronic forms are more common in older fish, which are
lethargic and have one or more furuncles on the flank or dorsum. There may be
congestion of the blood vessels at the base of fins, injection of the sclera, slight
exophthalmia and paleness of the gills. The furuncles may be large and when ruptured
the fluid is more viscous and contains more formed, necrotic elements than the furuncle
found in acute cases. The fish may live for some considerable time before they die, but
they may also recover.
Clinical signs caused by atypical Aeromonas salmonicida in non-salmonids have been
reviewed by Wiklund & Dalsgaard (1998). In most disease outbreaks among wild or
farmed non-salmonid fish the infection has manifested itself as skin ulcerations and
skin lesions. The localization of the ulcers may vary. For example, in carp they can be
found all over the body surface, except on the head, in goldfish they appear on any
part of the body and vary in size and depth, while in flounder the skin ulcers are
superficial. In eels, atypical strains have been reported to cause severe necrosis, lesions
in the skin and tissue swelling on the head. Haemorrhage and erosion of the fins,
necrosis of the tail and haemorrhage or lesions in the eyes have also been associated
with atypical A. salmonicida infections in non-salmonid fish. Septicemic infections have
been reported in naturally infected cod (Gadus morhua L.) (Magnadóttir et al. 2002)
and in experimentally infected turbot (Scophthalmus maximus (L.)) (Björnsdóttir et al.
2005). For practical reasons the mortality rate for outbreaks in wild fish are seldom
presented. McCarthy (1975), however, reported a 25% morbidity revealed by netting
operations during an epidemic in silver bream (Blicca bjoerkna (L.)).
In contrast, atypical A. salmonicida infections in farmed salmonids have a septicemic
nature and the pathogen is usually isolated from both skin ulcers and internal organs
(Ojala 1966, Håstein & Bullock 1976, Ljungberg & Johansson 1977, Paterson et al.
1980a, Böhm et al. 1986, Wichardt et al. 1989, Rintamäki & Valtonen 1991, Groman et
al. 1992, Pylkkö 2004). The mortalities caused by atypical infections have been 10%
(Ojala 1966), up to 15-20% (Håstein & Bullock 1976), from less than 10% to more than
90% (Ljungberg & Johansson 1977), 50% (Paterson et al. 1980a), up to 30% (Boomker
et al. 1984), up to 30% (Wichardt et al. 1989) up to 23% (Rintamäki & Valtonen 1991),
up to 50% (Groman et al. 1992), up to 30% (Gudmundsdóttir 1997) and 10-67% (Pylkkö
2004). Wichardt et al. (1989) found differences in susceptibility among the salmonid
species: Atlantic salmon and rainbow trout seemed to be very resistant under normal
farming conditions, whereas brown trout and arctic char where highly suspectible
species. Rintamäki & Valtonen (1991) also reported higher mortalities among sea trout
than in salmon at the same farm. The signs of atypical infections in salmonids include
emaciation and paleness of the gills (Ojala 1966), black discoloration, surface ulcers
and lesions, ranging in appearance from a small superficial wound with little necrosis
to deep jagged lesions surrounded by necrotic muscle (Paterson et al. 1980a),
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pronounced dermatitis (Wichardt et al. 1989), haemorrhages and erosion at the base
of the fins, skin ulcers and small furuncles in the musculature (Rintamäki & Valtonen
1991), lethargy, aimless swimming, respiratory distress, fin erosion and haemorrhagic
cutaneous and muscular ulcers (Groman et al. 1992).
Oubreaks caused by A. salmonicida are usually successfully controlled with
chemotherapy (McCarthy & Roberts 1980). The antimicrobial drugs are mostly
incorporated in the feed, but intramuscular dosing has also been used for brood fish
(Brown & Grant 1992). It is essential to start the therapy immediately after the first
signs of the disease, because the diseased fish cease to feed, and to give the full
therapeutic dosage for the correct period of time, i.e. 10-14 days (McCarthy & Roberts
1980). However, although outbreaks of the disease may be controlled by chemotherapy
provided it is instituted promptly, they frequently re-occur (McCarthy 1977a). Several
antimicrobial agents have been used to treat furunculosis, including chloramphenicol,
thiophenicol, furazolidone and oxytetracycline (Herman 1968), sulphamerazine,
tetracycline and a combination of trimethoprim and sulphonamide (McCarthy & Ro-
berts 1980), flumequine (Michel et al. 1980), oxolinic acid (Hastings & McKay 1987),
florfenicol (Inglis et al. 1991b), amoxycillin (Inglis et al. 1992) and enrofloxacin (Stoffregen
et al. 1993). However, as early as in 1967 Wood expressed his concern about the
increased frequency of antimicrobial resistance among Aeromonas salmonicida in the
USA (Wood 1967). Resistance has been reported to sulphonamides (Herman 1968),
oxytetracycline (Tsoumas et al. 1989, Inglis et al. 1991a, Grant & Laidler 1993), a
combination of sulphonamide and trimethoprim (Tsoumas et al. 1989, Grant & Laidler
1993), oxolinic acid (Hastings & McKay 1987, Tsoumas et al. 1989, Inglis et al. 1991a,
Höie 1992, Grant & Laidler 1993, Oppegaard & Sörum 1994), flumequin (Höie 1992)
and to amoxycillin (Grant & Laidler 1993). A. salmonicida strains showing multi-
resistance have also been isolated (Inglis et al. 1991a, Höie 1992, Inglis et al. 1993,
Grant & Laidler 1993, Nielsen et al. 1994a).
In Finland, resistance to oxytetracycline, sulphonamides and combination of
sulphonamide and trimethoprim has been reported among typical isolates of A.
salmonicida (Rimaila-Pärnänen & Seppänen 1994).
2.1.4  Epidemiology
2.1.4.1  Transmission of infection
The mechanism of transmission of A. salmonicida infection is still uncertain, despite
the disease having been known and investigated for over 100 years (Munro & Has-
tings 1993). Contact with infected fish or contaminated water and fish farm materials,
and transovarian transmission have all been stated as probable routes of infection
(McCarthy 1977a). Carrier fish with covert infection are also involved in the transmission
of the disease (McCarthy 1977a). Gills, skin and wounds are likely to be the main
routes of entry for A. salmonicida (Hodgkinson et al. 1987, Svendsen et al. 1999).
A. salmonicida infection easily spreads to susceptible fish through water (McCarthy
1977a). Susceptible fish species such as brown trout easily become infected in bathing
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experiments, but more resistant fish species such as rainbow trout need to be abraded
before the disease develops (McCarthy 1977a). Transmission through the
gastrointestinal tract via infected feed has been investigated, but the results of various
authors are contradictory (McCarthy 1977a). Following intragastric challenge in Atlantic
salmon, about half of the fish became infected, but only when they were exposed to
high numbers of bacteria (Rose et al. 1989). Vertical transmission through infected
ova has been ivestigated by several authors. The experiments of McCarthy (1977a)
indicated that vertical transmission is not a significant route for furunculosis. In the
unlikely event that heavily infected fish are used for egg production, and if fertilized
eggs are accidentally contaminated, A. salmonicida is unlikely to survive to the eyed-
egg stage. McCarthy also argued that, in the light of the negative vertical transmission
experiments and the demonstrated short survival of A. salmonicida on fish eggs, routine
disinfection of eyed eggs is unnecessary. Bullock & Stuckey (1987) investigated vertical
transmission in an extensive study following the health status of the progeny of carrier
brood fish and artificially infected brood fish, and concluded that vertical transmission
does not occur. However, to control fungus they treated the eggs with formalin solution
every third day, which may have influenced the survival of possible A. salmonicida on
the eggs. Even though both McCarthy and Bullock and Stuckey concluded that
furunculosis is not transmitted vertically, they still recommended the disinfection of
eggs “as an added precaution”. In contrast, Wichardt et al. (1989) stated that in Swe-
den the spread of furunculosis between fish farms occurred through the transportation
of infected live fish and contaminated equipment, and also through infected ova.
2.1.4.2  Survival in the aquatic environment
Diseased and dead fish are the major contamination source of waterborne A.
salmonicida infection (McCarthy 1977a, Enger et al. 1992). Experimentally it has been
shown that large numbers of the bacterium will be present in water during, and for a
long time after, an epizootic (McCarthy 1977a). When dead infected test fish were left
in water, the count of A. salmonicida colonies present in the water during the first days
was 103 CFU/ml, compared to 108 CFU/ml in the fish tissues. The number of viable
bacteria in diseased fish tissue then gradually decreased, and by the twenty-fourth
day they were fewer in number than those present in water, where the count began to
increase, possibly due to decomposition of the fish. A. salmonicida survived in dead
fish tissue for 32 days and was still present in the tank water for a further eight days,
despite the open circulation of water through the tank (McCarthy 1977a). A. salmonicida
cells are able to survive for a considerable time in the fish tank water (McCarthy 1977a).
They were reported to survive for 10 days in seawater (salinity 3.46%), 20 days in
fresh water and 26 days in brackish water (salinity 2.34%). The survival times in mud
and fish pond detritus containing fish faeces were even longer. A. salmonicida was
also shown to survive on wet or dry nylon fish net for at least six days at 10 ºC (McCarthy
1977a). In marine water (salinity 3.3%) the survival was of short duration, <10 days
(Rose et al. 1990). It has been proposed that A. salmonicida may survive in water in a
viable but non-culturable state, and thus appears to be capable of prolonged survival
in both marine and freshwater environments (Allen-Austin et al. 1984, Morgan et al.
1991, Enger 1997). Rose et al. (1990), however, found no evidence for the existence
of dormant forms of A. salmonicida in river water. The possible role of L-forms in the
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biology of A. salmonicida has also been discussed (Austin et al. 1993). Because of the
high cell-surface hydrophobicity caused by the outer A-layer of A. salmonicida cells
they become concentrated at the air-water interface (Enger 1997). Enger also proposed
a model of the transport of A. salmonicida in the fish farm environment, beginning with
the transport of the pathogen into the sediment with faecal material, followed by its
rising from the sediment and from dead and diseased fish attached to lipid droplets,
and then back to the fish as part of the surface film covering sinking food pellets. Sakai
(1986) reported that sand particles were essential to a long survival (>15 weeks) of A.
salmonicida cells in river water (Sakai 1986). Sand particles accumulate amino acids
on their surface, thereby permitting bacterial cells carrying net negative electrical charges
to survive on the sand particles. Only autoagglutinating cells of A. salmonicida were
able to attach to sand particles. Enhancement of the survival of A. salmonicida was
observed when cocultured with a ciliated protozoan (King & Shotts 1988). The numbers
of bacteria increased two-fold over the initial inoculum in three days in cocultures with
protozoa. The protozoan cells contained vacuoles packed with bacteria, which were
shown to be viable. The results showed the resistance of A. salmonicida to digestive
processes as well as the stimulation of bacterial growth by intracellular components of
the protozoan. Despite much investigation into the ecology of A. salmonicida, there
are still many unanswered questions and discrepancies between studies.
2.1.4.3  Covert infections
Covert infections are identified as the key element in the epizootiology of the clinical
disease in all situations (Smith 1997). They act as a reservoir of the pathogen in nature
and are also important in the transmission of the disease. A population of apparently
healthy wild fish with a very low carrier rate can be responsible for the A. salmonicida
infection of a large fish farm population, and large populations of captive non-carrier
fish may be readily infected without clinical evidence of disease by small numbers of
feral carrier fish (McCarthy 1977a). Hiney et al. (1977) suggested the following
nomenclature for clinically inapparent infections with A. salmonicida based on the
diagnostic method used for the detection: (1) Covert infection: Demonstration of viable
cells of A. salmonicida, its antigens or its DNA in, or on, a fish that does not manifest
any clinical signs of furunculosis; (2) Covert carrier infection: Demonstration of the
shedding of A. salmonicida, its antigens or DNA into the environment by a fish that
does not manifest clinical signs of furunculosis; (3) Covert stress-inducible infection:
Demonstration of clinical disease following the stressing of a fish that does not manifest
any clinical signs of furunculosis.
The carrier rate in fish populations may vary from a very low level to even 100%.
McCarthy (1977a) subjected four populations of brown trout to a stress test and found
the carrier rate to be 40-80%, while similar populations of rainbow trout had a very low
incidence (<5%) or were apparently free of carriers. Further experiments with brown
trout from a fish farm found the highest carrier rates in the youngest age groups. In the
studies of McCarthy the carrier rate did not vary significantly throughout the year, while
Scallan et al. (1993) observed the carrier state to be transitory and showed a regular
seasonal pattern of incidence (Scallan & Smith 1993). No certainty exists as to the
location of A. salmonicida in covertly infected fish (Hiney et al. 1997). According to
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McCarthy (1977), the kidney was the primary site of carriage, but other internal organs,
fins, gills, the mucus layer or intestine have also been proposed (Hiney et al. 1997).
McCarthy (1977) observed that fish that were free of A. salmonicida infection were
more susceptible to a water-borne furunculosis than carrier fish. He suggested that
the carrier state is probably a synergistic relationship, the organism providing a measure
of protection to the fish in return for shelter from the aquatic environment.
2.1.4.4  Predisposing factors
Furunculosis and related diseases have a multifactorial aetiology. The impact of the
predisposing factors on the onset of these diseases cannot be exaggerated (Smith
1997). Pickering (1997) divided predisposing factors into two categories: those related
to periods of increased susceptibility during the life cycle of the fish, including smolting
and reproduction, and those resulting from external influences including water
temperature, physical damage due to rough handling, predator attack, fin-nipping
caused by high stocking densities, ectoparasites, chronic bacterial infections and water
quality. Most of these factors cause a stress response, which has a suppressive impact
on the defence systems of the fish (Pickering 1997). The art of good husbandry can
with good reason been regarded as a key to controlling outbreaks of furunculosis at
fish farms (Pickering 1997).
2.1.5  Control
The control of clinical furunculosis at fish farms is best achived by using vaccination
against furunculosis combined with good practices in fish husbandry. Effective vaccines
have been commercially available since the beginning of the 1990s, after more than
50 years of intensive scientific effort (Midtlyng 1997). In the first successful field trials
the vaccines contained whole-cell bacterin and aluminium salts as the adjuvant
(Lillehaug et al. 1992), but since then mostly oil-based adjuvants have been used
(Midtlyng 1997). Intraperitoneal application of the vaccine is necessary to achieve a
good immune response; administration perorally or by immersion does not produce
good or long-lasting protection (Midtlyng 1997). Intraperitoneally injectable vaccines
are, however, not applicable to fry, fingerlings and brood fish, either because of their
small size or because of possible defects in the gonads due to inflammatory processes
that are a side effect of the vaccination. The breakthrough of commercial vaccines and
mass vaccination of cage-cultured Atlantic salmon has considerably reduced the use
of antibacterial drugs in salmonid farming in Norway (Grave et al. 1994, Markestad et
al. 1995, Midtlyng 1997).
There are few reports on vaccination trials against atypical A. salmonicida infections.
In Iceland, farmed salmonids have been vaccinated with good results with an
autogenous bacterin since 1992 (Gudmundsdóttir et al. 1996). Vaccination of Atlantic
salmon against A. salmonicida subsp. achromogenes as well as the extracellular
virulence factors and immunity induced by this bacterium was studied in Iceland
(Gudmundsdóttir 1997). Two types of vaccine were used in the trials: a bacterin prepared
commercially using an A. salmonicida subsp. achromogenes strain in a mineral oil
adjuvant (Alpharma N.W.Inc., USA), and an experimental vaccine containing
24
FISH PATHOGENS AEROMONAS SALMONICIDA AND RENIBACTERIUM SALMONINARUM: DIAGNOSTIC AND EPIDEMIOLOGICAL ASPECTS
extracellular products of A. salmonicida subsp. achromogenes mixed with a cell-
suspension emulsified in Freund’s incomplete adjuvant (Gudmundsdóttir et al. 1997).
The protection against A. salmonicida subsp. achromogenes infection was better after
12 weeks of the vaccination than after 6 weeks. After 12 weeks the mortalities were
very low with both vaccine types when challenged with low levels of A. salmonicida
(1000 CFU/fish i.m.), but a challenge with higher levels (5000 CFU/fish) produced up
to 60% mortality in vaccinated fish. The antibody response was mainly directed against
the A-layer protein, but antibodies to other bacterial components were also detected. A
correlation was found between the antibody titre to extracellular antigens and the survival
rates of vaccinated fish (Gudmundsdóttir et al. 1997). The importance of A-layer protein
as an protective antigen has also been reported by other authors (Lund et al. 2003a,
Lund et al. 2003b), and vaccines based on atypical Aeromonas salmonicida strains
possessing genetically and serologically different A-layer proteins have been shown to
produce different protection (Lund et al. 2003b). Ingilae et al. (2000) examined the
effect of autogenous vaccines against infections caused by atypical A. salmonicida in
halibut and wolffish, using homologous bacterial strains isolated from these fish species.
Vaccines formulated with oil adjuvants yielded better protection than aqueous injection
or bath treatment, demonstrating a relative survival rate of approximately 90%. However,
vaccination with oil-emulsified vaccines reduced the growth of both fish species during
the first months after vaccination (Ingilæ et al. 2000). Gudmundsdottir et al. (2003)
compared the protection induced in Atlantic halibut (Hippoglossus hippoglossus (L.))
with a commercial furunculosis vaccine and autogenous bacterin, and concluded that
the commercial vaccine can be used to protect halibut against infection with A.
salmonicida subsp. achromogenes (Gudmundsdóttir et al. 2003). Lund et al. (2002)
studied the efficacy of monovalent and multivalent vaccines containing different strains
of atypical A. salmonicida against atypical infections in spotted wolffish (Anarhichas
minor Olafsen). The vaccines contained bacterial cells inactivated with formaldehyde
and emulsified with an oil adjuvant. A commercial furunculosis vaccine for Atlantic
salmon was also included. The fish were challenged with three different atypical strains.
The multivalent vaccine was significantly better or protected equally well compared
with the monovalent vaccines, but the relative percentage survival rates varied between
test groups. The commercial furunculosis vaccine did not produce protection against
atypical infections. No correlation was found between the survival rates and the antibody
response to the challenge strain in the vaccinated fish (Lund et al. 2002a). Jones et al.
(1997) reported, however, that vaccination against typical furunculosis protected against
atypical infections in rainbow trout and carp. Mortality among injection-vaccinated
rainbow trout after challenge with A. salmonicida subsp. achromogenes ranged from
10% to 42%, and among carp challenged with A. salmonicida subsp. nova from 12.5%
to 20%. The authors also suggested that antigens capable of eliciting protective immunity
are conserved among different strains of A. salmonicida (Jones et al. 1997).
Gudmundsdóttir & Gudmundsdóttir (1997) also found that the commercial furunculosis
vaccine evoked protective immunity against an injection challenge of A. salmonicida
subsp. achromogenes in Atlantic salmon, while the autogenous vaccine against A.
salmonicida subsp. achromogenes did not protect against furunculosis.
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Controlling outbreaks of atypical A. salmonicida infections by vaccination has been
shown to be possible in salmonid fish, Atlantic salmon, rainbow trout and in non-salmonid
fish species including carp, spotted wolffish and halibut. Autogenous vaccines seem to
produce a good protection against atypical infections. The results concerning the cross
protection of furunculosis vaccine and autogenous bacterins against atypical infections
are, however, contradictory (Jones et al. 1997, Gudmundsdóttir & Gudmundsdottir
1997, Lund et al. 2002a), probably reflecting the heterogeneity of atypical strains and
also the differences in the pathology of the diseases caused by these bacteria in different
fish species.
Furunculosis and related diseases are usually introduced to a fish farm by importation
of healthy carrier fish, or fish may alternatively be infected from a water supply
contaminated by feral carrier fish (McCarthy 1977a). Therefore, to maintain the
furunculosis-free status at a fish farm it is important that only fish having the same
health status are taken to the farm area. The stress test is recommended to confirm
the furunculosis-free status of the fish before importing them to the farm (McCarthy
1977a).
2.1.6  Diagnostic methods for the detection and characterization of Aeromonas.
salmonicida
2.1.6.1  Detection of Aeromonas salmonicida in fish samples
In clinical cases of furunculosis or atypical infections the causative organism is easily
isolated by direct cultivation on trypticase soy agar, preferably incorporated with blood.
Bacteriological examination is usually performed from internal organs, e.g. kidney,
and from the lesions in the muscles and the skin. Dermal mucus and the gills may also
be used as samples for cultivation. Identification of the causative organism may be
performed using biochemical characterization, serological methods or molecular
methods, e.g. PCR (Bernoth 1997b, Byers et al. 2002b, Byers et al. 2002a).
The detection of covert carriers of A. salmonicida implies the use of more sensitive
methods than those used for clinical infections. The stress test (Bullock & Stuckey
1975a) is still regarded as the most efficient method for the detection of covertly infected
fish (Hiney et al. 1997). There are several modifications of the stress test, one of them
that of McCarthy (1977a), who found that intramuscular injection with ca. 20 mg/kg of
prednisolone acetate accompanied by thermal stress at 18 ºC activated latent infections
in carrier fish, all injected carriers dying of clinical furunculosis in 4-10 days (McCarthy
1977a). The stress test is, however, not applicable for the detection of the organism
from large-sized fish, e.g. brood fish. Various enrichment methods have been proposed
to enhance the detection of low numbers of the bacteria in tissues of large fish, either
in trypticase soy broth (Daly & Stevenson 1985b, Hirvelä-Koski et al. 1988) or on blood
agar plates (Löfgren et al. 1987). The importance of culturing several organs to detect
A. salmonicida has been emphasized (Daly & Stevenson 1985b).
Colquhoun & Cunningham (2002) showed that standard bacteriological techniques
are normally more than sensitive enough to detect the large numbers of bacteria in fish
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dying of clinical disease. In covertly infected fish, cultivation has also shown to be a
more reliable method for the direct detection of A. salmonicida than the direct PCR
testing of tissue samples, with PCR having a lower detection limit of approximately 4 x
105 CFU/g (Byers et al. 2002a). Areas of study where molecular techniques may offer
advantages over traditional cultivation techniques include detection of covertly infected
fish, non-lethal screening of brood fish through testing of blood, eggs or milt and
screening of, for example, water supplies for the presence of A. salmonicida (Colquhoun
& Cunningham 2002).
2.1.6.2  Background
The genus Aeromonas earlier belonged to the family Vibrionaceae (Popoff 1984, Holt
et al. 2000). A new family, Aeromonadaceae fam. nov., was proposed on the basis of
the evolutionary history of bacteria in this group, shown by molecular genetic tecniques
including 16S RNA homologies, 5S RNA sequence analyses, and RNA-DNA
hybridization data (Colwell et al. 1986). Studies on the phylogenetic relationships of
the genus Aeromonas determined by 16S rDNA sequencing have supported the
conclusions of Colwell et al. (1986) of a new family Aeromonadaceae (Martínez-Murcia
et al. 1992). The genus Aeromonas is a member of the gamma sudivision of the class
Proteobacteria (Martínez-Murcia et al. 1992). Based on DNA-DNA reassociation kinetics
the genus Aeromonas was divided into 14 DNA homology groups (HGs), A. salmonicida
belonging to HG 3 together with several members of mesophilic A. hydrophila (Janda
1991, Carnahan & Joseph 1993). Later, the number of genomospecies in the genus
has increased to 17 HGs (Yáñez et al. 2003). Hitherto, 15 Aeromonas species have
been recognized, including A. hydrophila, A. bestiarum, A. salmonicida, A. caviae, A.
media, A. eucrenophila, A. sobria, A. veronii (biogroups sobria and veronii), A. jandaei,
A. schubertii, A. trota, A. allosaccharophila, A. encheleia, A. popoffii and A. culicicola.
In addition to these species, two DNA hybridization groups (HG11 and HG13) remain
without a species name (Soler et al. 2004).
Reclassification of Bacillus salmonicida (McCraw 1952) in the genus Aeromonas was
proposed after comprehensive studies of the organism and observation of a marked
homogeneity of taxonomic features among the bacterial strains (Griffin et al. 1953).
Smith (1963) suggested, however, on the grounds of variation in morphology, cultivation
and biochemistry that the bacterium should be removed from the genus Aeromonas
and placed in the family Pseudomonadaceae. She also proposed a new generic name,
Necromonas, because the bacterial strains belonging to this group were capable of
producing necrotic lesions and in some cases complete liquefaction of the internal
organs in salmonid fish (Smith 1963). Even though Smith’s proposal was not supported
by later research, her study was the first to report the heterogeneity among the bacterial
strains of this species, and it also was the first report on atypical Aeromonas salmonicida.
Since then, reports of aberrant strains differing from typical furunculosis strains have
frequently been reported (Ojala 1966, Kimura 1969, Evelyn 1971, McCarthy 1975,
Håstein & Bullock 1976, Ljungberg & Johansson 1977, etc.). The occurrence of
“aberrant” or “atypical” isolates caused revaluation of the taxonomy of the species. It
was first divided into two subspecies, A. salmonicida subsp. salmonicida and subsp.
achromogenes (Schubert 1967a, Schubert 1967b), then into typical and atypical strains
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on the basis of the biochemical charcteristics with no reference to subspecies (McCarthy
1977b), and later into three subspecies: subsp. salmonicida, subsp. achromogenes
and subsp. masoucida (Popoff 1984). Subsp. smithia (Austin et al. 1989) and subsp.
pectinolytica (Pavan et al. 2000) have also been proposed. The studies of McCarthy &
Roberts (1980) indicated the existence of three main phenons among A. salmonicida:
typical strains, atypical strains from salmonid fish and atypical strains from non-salmonid
fish. The three phenons were respectively named as A. salmonicida subsp. salmonicida,
subsp. achromogenes (also containing former subsp. masoucida) and subsp. nova
(McCarthy & Roberts 1980). Paterson et al. (1980a) recommended that atypical isolates
from salmonids as well as from nonsalmonids remain in the group called A. salmonicida
subsp. achromogenes, and that A. salmonicida subsp. masoucida should be retained
as a separate subspecies (Paterson et al. 1980b). A Nordic collaboration group with
representatives from Norway, Sweden, Denmark, Finland, the Faeroe Islands and
Iceland published a Nordic manual for the surveillance and diagnosis of diseases in
farmed salmonids. In the first edition in 1992, A. salmonicida was divided into two
groups on the basis of phenotypic properties: A. salmonicida var. salmonicida and
other strains of A. salmonicida, including var. achromogenes, var. masoucida etc.
(Midtlyng et al. 1992). In the next edition of the manual the nomenclature was revised.
Furunculosis was defined to be caused by A. salmonicida subsp. salmonicida and
ulcerative dermatitis and other atypical A. salmonicida infections by A. salmonicida
subsp. achromogenes, subsp. masoucida, subsp. nova and other atypical strains
(Midtlyng et al. 2000). Bernoth (1997b) summarized the biochemical identification of
A. salmonicida cultures in a list of diagnostic procedures sufficient to confirm the identity
of an isolate as A. salmonicida. Every further approach to differentiate various
subspecies, however, should be treated cautiously (Bernoth 1997b). Difficulties involved
in proper biochemical identification of atypical A. salmonicida and variation between
the results of different laboratories participating in an inter-laboratory evaluation have
been demonstrated (Dalsgaard et al. 1998). The results obtained by Dalsgaard et al.
(1998) showed the need for standardization of the microbiological tests used to identify
A. salmonicida.
2.1.6.3  Aeromonas salmonicida subsp. salmonicida
2.1.6.3.1  Biochemical properties and morphology
Aeromonas salmonicida subsp. salmonicida is a Gram-negative facultatively anaerobic
rod, which is non-motile, non-spore-forming and non-acid-fast (Griffin et al. 1953). Its
growth is best in aerobic coditions, the optimum growth temperature being 20-22 ºC
(Griffin et al. 1953). The maximum growth temperature is 34.5 ºC and the minimum 6
ºC (Griffin et al. 1953). Growth occurs at a pH from 5.3 to 9.0, depending on the
composition of the culture medium. On nutrient agar plates the punctiform, smooth,
entire and convex colonies average less than 1 mm in diameter, forming in 24 hours,
the diameter of the colonies being 1-2 mm after 4 days of incubation (Griffin et al.
1953). Colonies on agar plates are of such consistency that they can be pushed about
on the surface without breaking up (Duff & Stewart 1933, Munro & Hastings 1993). In
a Gram stain of one-day-old cultures, short plump rods with rounded ends predominate,
the width of the rods being 1 µm and the length 1.7-2 µm (Griffin et al. 1953). The
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bacteria are arranged singly, in pairs and in chains of variable length, and coccoid
forms 1 µm in diameter and filaments of variable length may also occur. Some strains
show a tendency to pleomorphism and the formation of bipolar rods (Griffin et al. 1953).
The surface of A. salmonicida is encased in a proteinaceous coat, the S-layer (surface
layer), which mainly consists of A-protein and lipopolysaccharides as identified by
electron microscopy. The S-layer is not particularly restricted to any bacterial subgroup,
and it is one of the most common surface stuctures of procaryotic cells (Kay & Trust
1997). The S-layer of A. salmonicida is often referred to as the A-layer (additional
layer) according to the first description of this structure. The A-layer is important for
different binding activities, e.g. binding to immunoglobulins and fibronectin, basement
membrane proteins and collagen, and is also essential for adherence and invasion of
macrophages. The A-layer is one of the virulence factors of A. salmonicida, even though
A-layer-negative strains may also be virulent. A-layer-positive strains autoaggregate
(Kay & Trust 1997).
Griffin et al. (1953) described A. salmonicida being devoid of capsule; however, Garrote
et al. (1992) have shown capsular polysaccharides when grown in vitro in a medium
with excess glucose.
A. salmonicida subsp. salmonicida usually produces brown diffusible pigment, which
has widely been considered as one of the key characteristics of this subspecies. After
one day of incubation the pigment first appears light pink in colour, after 2 days changes
to red-amber and after several days of incubation to coffee-brown when grown on
trypticase-yeast extract agar (Griffin et al. 1953). Identification of the bacterium cannot,
however, be based only on this phenomenon, because other bacterial species, e.g.
motile aeromonads, may also produce brown pigment similar to that of A. salmonicida,
and because of the occasional absence of pigment production (Bernoth 1997b). The
incubation temperature is an important factor for the expression of the pigment
production. At temperatures higher than 22 ºC the intensity of the pigment decreases
and at 32 ºC it is not formed (Griffin et al. 1953). Koppang et al. (2000) isolated highly
virulent typical strains with no pigment production at 5, 15 or 22 ºC, even though tested
using several cultivation media that enhance pigment production.
A worldwide uniformity of biochemical properties among A. salmonicida subsp.
salmonicida is apparent. Some of the features often used for the identication of the
pathogen are reviewed in Table 1.
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Table 1. Biochemical characteristics of Aeromonas salmonicida subsp. salmonicida.
Number of strains examined by different authors: (1) Duff & Stewart (1933): unknown;
(2) Griffin et al. (1953): 10; (3) Smith (1963): 36; (4) McCarthy (1977b): unknown; (5)
Popoff (1984): unknown; (6) Böhm et al. (1986): 40; (7) Austin et al. (1989): 27; (8)
Wichardt et al. (1989): unknown; (9) Toranzo et al. (1991): 32; (10) Rintamäki & Valto-
nen (1991): 40; (11) Dalsgaard et al. (1994): 130; (12) Nielsen et al. (1994a): 130; (13)
Starliper & Cooper (1998): 585.
Characteristics Reference
Oxidase test positive 3, 5, 6, 7, 11
Catalase test positive 3, 5, 11
β-haemolysis 1, 3, 7, 12, 11
Acid from glucose/dextrose 1, 3, 5, 6, 7, 9
Fermentation of glucose 1, 5, 6, 9, 11, 13
Acid from mannitol and/or maltose 1, 5, 6, 7, 9, 10, 11, 13
Acid not produced from sucrose 1, 3, 5, 6, 10, 11, 13
Acid not produced from xylose 1, 3, 5, 6, 11, 13
Nitrate reduced to nitrite 1, 2, 3, 4, 6, 9, 11, 13
Indole not produced 1, 2, 3, 5, 6, 7, 9, 10, 11, 13
Gelatin liquefied 1, 2, 3, 5, 6, 7, 9, 10, 11, 13
Aesculin hydrolysed 3, 4, 5, 6, 8, 10, 11, 13
Arbutine hydrolysed 4, 8, 10
Sensitive to cephaloridine or
cephalothin and/or ampicillin 4, 8, 7
Several authors have, however, reported results that are inconsistent with those
presented above. For example, strains fermenting xylose (Duff & Stewart 1933), strains
producing acid from sucrose (McCarthy 1977b, Wichardt et al. 1989, Austin et al. 1989),
strains negative in arbutine hydrolysis (McCarthy 1977b, Wichardt et al. 1989), a
catalase-negative strain (Böhm et al. 1986), strains negative in gelatine liquefacion
(Wichardt et al. 1989), strains negative in aesculin hydrolysis and in production of acid
from mannitol (Austin et al. 1989) and strains negative in nitrate reduction have been
reported (Rintamäki & Valtonen 1991). Oxidase-negative strains have also been
described (Chapman et al. 1991, Teska et al. 1992), as well as low-level resistance to
cephalothin in strains belonging to a certain outer membrane protein profile group
(Nielsen et al. 1994b).
Although inconsistent results have been reported regarding almost all properties of
Aeromonas salmonicida subsp. salmonicida, indicating either a true heterogeneity
among the subspecies or the heterogeneity of the methods and media used in different
laboratories during the last 50 years, ambiguous reactions are rare compared to those
obtained regularly (Table 1).
30
FISH PATHOGENS AEROMONAS SALMONICIDA AND RENIBACTERIUM SALMONINARUM: DIAGNOSTIC AND EPIDEMIOLOGICAL ASPECTS
2.1.6.3.2  Molecular characterization
A. salmonicida subsp. salmonicida forms an extremely homogeneous genetic group,
with a mean DNA:DNA sequence similarity level of 97 + 6.1% (Belland & Trust 1988).
Genetic uniformity referring to the clonality of the population stucture of A. salmonicida
subpecies salmonicida has been reported by several authors using various molecular
methods, including restriction endonuclease fingerprinting analysis (McCormick et al.
1990), plasmid profiling (Bast et al. 1988, Toranzo et al. 1991, Sörum et al. 1993),
randomly amplified polymorphic DNA (RAPD) (Miyata et al. 1995), I-CeuI digestion
fingerprinting using pulsed-field gel electrophoresis (PFGE) (Umelo & Trust 1998),
PFGE and principal component analysis (Livesley et al. 1999) and RAPD and PFGE
(O’hIci et al. 2000).
Because of the phenotypic and genetic homogeneity of A. salmonicida subsp.
salmonicida it has been difficult to find any epidemiological markers among this group
for use in studying the epidemiology of furunculosis. Some authors have, however,
found subgroups and clustering in this subspecies using ribotyping (Nielsen et al. 1994b),
PFGE (Garcia et al. 2000) and RAPD (O’hIci et al. 2000). Nielsen et al. studied a
collection of 124 strains from Denmark, Norway, Scotland and North America. Ribotyping
was performed using three restriction enzymes, EcoRI, HindIII and SmaI. A total of 6
ribotypes were detected. The Danish and North American strains appeared to be very
homogeneous, while the Scottish isolates resulted in 5 SmaI ribotypes. The appearance
of the same SmaI ribotype among both Scottish and Norwegian strains was thought to
indicate a possible link between these two countries, as well as the occurrence of the
same EcoRI ribotype in strains from Norway and North America. The authors concluded,
however, that ribotyping was of limited value for epidemiological investigations of
furunculosis outbreaks, even though in certain geographical areas it might be useful
(Nielsen et al. 1994b). Garcia et al. studied 132 isolates from Denmark, Norway,
Scotland, Ireland, the Faroe Islands, France, Canada and the USA with PFGE using
SpeI as the restriction enzyme. Their results suggested a clonal genetic structure of
the subspecies salmonicida, with mostly slight differences (1-3 bands) among the 16
groups found with PFGE.  Most of the strains were included in group A, which contained
strains from nearly all the geographical areas studied.  The remaining groups contained
1-11 strains each. These authors concluded that PFGE could be more useful to
differentiate groups of A. salmonicida subsp. salmonicida than ribotyping (Garcia et al.
2000). Using RAPD, O’hlci et al. (2000) resolved 17 strains of A. salmonicida subsp.
salmonicida into two clusters, and the majority of the strains correlated with the
geographical area of isolation. One cluster contained predominantly North American
strains and the second cluster northern European strains. Nielsen et al. (1993) found
40 different plasmid profiles among 124 isolates of typical A. salmonicida from Denmark,
Norway, Scotland and North America. Their results indicated that plasmid profiling was
in general a method with limited value as an epidemiological marker, but may
nevertheless be a useful tool for epidemiological studies in certain geographical areas
(Nielsen et al. 1993).
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2.1.6.4  Atypical Aeromonas salmonicida
2.1.6.4.1  Biochemical properties and morphology
The morphology of atypical A. salmonicida is essentially the same as that of A.
salmonicida subsp. salmonicida. The colony morphology also resembles that of subsp.
salmonicida, but the size of the colonies can be smaller, e.g. < 1mm in diameter after
4 days incubation at 20 ºC (Wiklund et al. 1994). A medium supplemented with blood
or serum is recommended for the primary culture of the fish tissues, because the
growth of these bacteria may in some cases be very poor without the supplement
(Paterson et al. 1980b, Dalsgaard et al. 1998, Wiklund & Dalsgaard 1998). The
biochemical characterization of atypical A. salmonicida is more complicated than that
of subsp. salmonicida, partly because of the heterogeneity among this group, and
partly because of the large disagreement between different laboratories in the results
of biochemical tests on the same cultures, which was demonstrated by Dalsgaard et
al. (1998). Five laboratories examined 24 isolates of atypical A. salmonicida. In the
first test run 100% agreement was only obtained for two tests. After standardization of
media and methods the level of agreement improved, but there were still incongruences
between the different laboratories. The main reason for the discrepancies was the
variation in the incubation time prior to reading the biochemical reactions (Dalsgaard
et al. 1998).
The production of brown diffusible pigment varies among the atypical isolates. There
are achromogenic strains with an absence of pigment production, weak producers
and strains with abundant pigment production resembling that of typical A. salmonicida.
The medium used for the detection of the pigment is essential when weak pigment
producers are studied. Popoff (1984) recommended the use of media containing 0.1%
tyrosine or phenylalanine for the detection of the pigment. Addition of D-glucose at a
concentration of 0.1% inhibited pigment production and caused a reduction in the size
of colonies of atypical isolates from goldfish (Altmann et al. 1992).
During the four-decade history of atypical isolates there have been several proposals
for the biochemical methods used to differentiate between typical and atypical strains
of A. salmonicida. The first of them was that of McCarthy (1977). Some of his results
are presented in Table 2.
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Table 2. Differential characteristics for strains of A. salmonicida (McCarthy 1977b).
Characteristic Percentage of positive strains (%)
   Typical isolates(n unknown)     Atypical isolates(n = 34)
Cephaloridine
(15 pg) sensitivity 100 28
Aesculin hydrolysis 100 34
Arbutine hydrolysis 99 17
Lecithinase activity 97 28
Gas from sodium formate 97 28
Ampicillin (25 µg) sensitivity 96 28
Methyl-D-glucoside fermentation 95 7
Arabinose fermentation 77 14
Sucrose fermentation 20 93
Acetoin production 0 48
Popoff (1984) proposed three characteristics differentiating subsp. salmonicida from
the subspecies achromogenes and masoucida: pigment production, indole production
and the fermentation of sucrose (Table 3).
Table 3. Differentiating between A. salmonicida subsp. salmonicida and the other
subspecies, achromogenes and masoucida (Popoff 1984).
Characteristic A. salmonicida subsp.
salmonicida Other subspecies
Pigment production +     -
Indole production -     +
Fermentation of sucrose -     +
Böhm et al. (1986) summarized the biochemical properties useful for differential
diagnosis between A. salmonicida strains isolated from salmonid fish (subsp.
salmonicida) and those isolated from non-salmonid fish species (subsp. nova) (Table
4). This study also included srains isolated from goldfish. However, strains belonging
to subsp. nova were reported to be indole negative and sucrose negative, which
according to McCarthy (1977) and Popoff (1984) refers to subsp. salmonicida.
Table 4. Useful properties for differentiation between subspecies of Aeromonas
salmonicida (Böhm et al. 1986). Total number of strains: 40.
Characteristic subsp. salmonicida     subsp. nova Isolates from goldfish
Gas from glucose       +       -       -
H2S production       -       +       +
Mannitol       +       -       +
Sucrose       -       -       +
Aesculin       +       -       -
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Wichardt et al. (1989) used several characteristics to differentiate between typical and
atypical strains (Table 5).
Table 5. Differential characteristics for typical and atypical strains of A. salmonicida
(Wichardt et al. 1989). The number of strains examined varied between different tests,
from 33 to 38 for the typical strains and from 65 to 112 for the atypical strains.
Characteristic    Percentage of positive strains
Typical isolates Atypical isolates
Ampicillin (25 µg) sensitivity 100 5
Cefaloridin (25 µg) sensitivity 100 6
Aesculin hydrolysis 100 13
N-acetyl-D-glucosamine fermentation 100 17
Pigment production on trypticase
soy agar 100 32
Arbutine hydrolysis   97  1
α-Methyl-D-glucoside fermentation   92  1
Salicin fermentation   87  1
Gelatinase activity   76  8
Sucrose fermentation     5 92
Rintamäki & Valtonen found three characteristics useful to differentiate the two groups
(Table 6).
Table 6. Some identification test reactions to separate the typical and atypical A.
salmonicida strains (Rintamäki & Valtonen 1991).
Characteristic Typical strains(n = 40) Atypical strains(n = 39)
Acid from arbutine + -
Acid from salicine + -
Acid from sucrose + -
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The schedule of the Nordic Manual (Midtlyng et al. 1992) included the possibility of
negative reactions for the oxidase test reported by several authors (Wiklund & Bylund
1991, Wiklund et al. 1994, Pedersen et al. 1994), and possible weak reactions in the
catalase test (Ojala 1966, Boomker et al. 1984) (Table 7).
Table 7.  The criteria for distinguishing the subspecies A. salmonicida var. salmonicida
from the other subspecies (var. achromogenes, var. masouicida etc.) (Midtlyng et al.
1992).
Characteristic A. salmonicida var. salmonicida      Other strains of A.
salmonicida
Haemolysis +     Variable
Pigment production +     Variable
Gas from glucose +                                           -
Oxidase +         +/-
Catalase +         +/-
Aesculin +         +/-
Mannitol +         +/-
Indole +         +/-
Sucrose -         +
In the latest edition of the Nordic Manual the schedule for the differentiation was
essentially the same as in the previous edition, but the aesculin hydrolysis reaction
was changed to be variable for A. salmonicida subsp. salmonicida (Midtlyng et al.
2000).
A. salmonicida subsp. smithia was not included in Bergey’s Manual of Determinative
Bacteriology, according to the editorial note in the text (Holt et al. 2000). This subspecies
was, however, included in the table for the differentiation of Aeromonas species (Table
8).
Table 8. Differentiation between A. salmonicida subspecies according to Holt et al.
(2000).
Characteristic                 subsp.                subsp.        subsp. subsp.
         achromogenes masoucida   salmonicida         smithia
Indole +         + -      -
Gas from glucose -         + +    (+)
Acid from maltose +         + +      -
Acid from mannitol -         + +      -
Acid from sucrose +         + -      D
Aesculin hydrolysis -         + +      -
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In their review, Wiklund & Dalsgaard (1998) collected biochemical data from 14
publications representing a wide geographical distribution as well as a wide range of
fish species. The marked variation in the biochemical profiles reported for atypical
isolates clearly shows the heterogeneity of this group compared to the homogeneous
group of subsp. salmonicida (Table 9).
Table 9. Characteristics for differentiation between suspecies of Aeromonas
salmonicida, modified from the review of Wiklund & Dalsgaard (1998). The group of
atypical isolates includes results of subsp. achromogenes, subsp. masoucida, subsp.
nova, subsp. smithia, slow-growing isolates and other strains classified as atypical A.
salmonicida.
Characteristics A. salmonicida subsp. Atypical A. salmonicida
        salmonicida
Pigment production      + (-)1 +/-
Oxidase reaction      + (-) +/-
Gas from glucose      + +/-
Acid from sucrose      - (+) +/-
Indole production      - +/-
Degradation of aesculin      + +/-
Sensitivity to ampicillin      S2 R/S
Sensitivity to cephalothin      S R/S
1) Indicate the reaction of a few strains
2) S: sensitive, R: resistant
2.1.6.4.2  Molecular characterization
Using multilocus enzyme electrophoresis (MLEE), Boyd et al. (1994) separated A.
salmonicida into two clones, typical isolates belonging to one and atypical isolates to
the other group. However, this study seems to be the only one in which atypical strains
collected from different countries have been shown to form a homogeneous group
(Boyd et al. 1994). Because MLEE is a method suitable for population analysis (Selander
et al. 1986), the results suggested that A. salmonicida consists of two population
subgroups. Other genetic methods have indicated various degrees of variability among
atypical A. salmonicida, the methods including DNA:DNA hybridization (Belland & Trust
1988), ribotyping (Pedersen et al. 1996, Austin et al. 1998) and16S rDNA sequencing
(Yamada et al. 2000).
In the studies of Belland & Trust (1988), atypical organisms did not form a distinct
group when DNA base composition (mol%G+C), genome size determinations and
DNA-DNA hybridization were used. The authors suggested that subsp. achromogenes
and subsp. masoucida should be combined to form a single subspecies, which they
named subsp. achromogenes. This name was proposed on the basis of its historic
precedence, despite the production of pigment by some of the representatives of this
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group. The other A. salmonicida isolates formed a DNA-DNA hybridization group, which
was as far from typical isolates as from the proposed subsp. achromogenes. The authors
suggested this group to be named A. salmonicida subsp. nova, representing atypical
strains isolated from non-salmonid fish. However, no biochemical data for separating
the proposed subsp. achromogenes and subsp. nova was presented (Belland & Trust
1988). The 16S rDNA sequences of the type strains of subspp. achromogenes and
masoucida were identical (Martínez-Murcia et al. 1992).
Japanese atypical A. salmonicida isolates were divided into four groups based on 16S
rDNA sequencing, phenotypic characteristics and host species: (1) isolates from goldfish
and eel: slow growth, (2) isolates from marine fish: fast growth and growth in 4.0%
NaCl, (3) coloured carp: slow growth and catalase negativity, and (4) common carp:
late growth and oxidase negativity (Yamada et al. 2000). A relationship between the
genotype and fish species has also been suggested for strains isolated from goldfish
(Umelo & Trust 1998), and for isolates from cod and wolffish (Lund et al. 2002b).
Höie et al. (1999) studied a collection of 205 atypical A. salmonicida isolates using
PCR targeted for amplification the extracellular A-layer protein encoding gene, the
serine protease gene, the glycerophospholipid:cholestrol acetyltransferase protein
(GCAT) gene and the 16S rRNA gene. The authors reported that the results indiated
PCR typing being a useful framework for characterization of atypical isolates (Höie et
al. 1999). However, the results of PCR typing were not in concordance with the grouping
obtained by ribotyping of the same strain collection (Austin et al. 1998).
Kwon et al. (1997) studied Japanese atypical A. salmonicida strains using RAPD on
five different primers. Despite their different biochemical characteristics, all the Japanese
isolates were identical with respect to two of the primers. One primer identified the
strains according to the fish species from which they had been isolated. The four type
strains (A. salmonicida subspp. salmonicida, achromogenes, masoucida and smithia)
differed from each other and from the Japanese strains (Kwon et al. 1997). Genetic
heterogeneity of the atypical strains was apparent from RAPD in the studies of O’hIci
et al. (2000). None of the atypical strains produced a RAPD profile similar to any of the
type strains of A. salmonicida. When the results of the three RAPD primers were
combined, there were no strains producing identical profiles among the 39 atypical
strains. Little clustering of strains correlating with fish host and geographical location
was found (O’hIci et al. 2000).
An extensive diversity of atypical A. salmonicida strains was also observed following
PFGE using digestion with I-CeuI (Umelo & Trust 1998) and digestion with XbaI and
SpeI  (O’hIci et al. 2000).
Lund et al. (2002) used AFLP analysis to assess the genetic variability among atypical
A. salmonicida isolates in their vaccine development studies. The strains were divided
into 6 clusters, the type strains A. salmonicida subsp. salmonicida and subsp.
achromogenes forming one cluster and subsp. masoucida another cluster. One cluster
contained all wolffish and cod isolates. The wolffish isolates appeared to be very
homogeneous, regardless of whether they were isolated from spotted or common
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wolffish. The isolates from salmonid fish, halibut and turbot were genetically more
diverse and appeared in several clusters. One cluster contained only two Finnish isolates
from grayling and char (Lund et al. 2002b).
Atypical A. salmonicida strains show great variation in plasmid profile analysis (Pedersen
et al. 1996, Sörum et al. 2000) and plasmid profiling has been suggested to be a
useful tool for studying the epidemiology of atypical infections (Sörum et al. 2000).
Atypical strains usually carry one large plasmid (>55 kbp), medium-sized plasmids
that vary considerably in size and number, and one or more small plasmids (<11 kbp)
(Pedersen et al. 1996). Sörum et al. (2000) separated Norwegian atypical strains into
7 groups based on plasmid profiles. In their study all the strains outside Norway were
single isolate groups, suggesting that most of those strains represented clones different
from the Norwegian strains. Phenotypic characteristics of the isolates were of limited
value in differentiating between the plasmid groups, and there was no relationship
between fish species and plasmid groups. There may, however, occasionally be variation
in the plasmid profiles of the same isolate during repeated examinations (Pedersen et
al. 1996, Sörum et al. 2000).
Molecular characterization has demonstrated the diversity of atypical A. salmonicida
strains. However, the methods used have not produced additional evidence for the
revision of the taxonomy of this heterogeneous group of bacteria.
38
FISH PATHOGENS AEROMONAS SALMONICIDA AND RENIBACTERIUM SALMONINARUM: DIAGNOSTIC AND EPIDEMIOLOGICAL ASPECTS
2.1  BACTERIAL KIDNEY DISEASE (BKD)
Bacterial kidney disease is caused by a Gram-positive bacillus, Renibacterium
salmoninarum. The disease is a chronic, systemic infection characterized by
granulomatous lesions in the kidney and other organs of diseased fish (Fryer & Sanders
1981, Fryer & Lannan 1993).
2.2.1 Occurrence
2.2.1.1  Host range
Bacterial kidney disease was first described in Atlantic salmon in Scotland (Smith 1964).
By 1983, Renibacterium salmoninarum had been isolated from eleven fish species, all
of them belonging to the family Salmonidae, subfamily Salmoninae, including salmon,
trout and char (genera Salmo, Oncorhynchus and Salvelinus) (Fryer & Sanders 1981,
Klontz 1983). Since then, BKD has also been reported from Danube salmon (Hucho
hucho (L.)) (Pfeil-Putzien et al. 1985), grayling (Kettler et al. 1986), whitefish (Coregonus
lavaretus (L.)) (Rimaila-Pärnänen 2002) and ayu (Plecoglossus altivelis (Schlegel))
(Nagai & Iida 2002).
The relative susceptibility to BKD differs between fish species and affects the incidence
of the disease (Mitchum et al. 1979). Generally, Pacific salmon species of the genus
Oncorhynchus are most susceptible to BKD (Sakai et al. 1991, Starliper et al. 1997).
The relative resistance of rainbow trout compared to other salmon species has also
been recorded by several authors (Sanders et al. 1978, Mitchum et al. 1979, Sakai et
al. 1991, Jansson et al. 1996). Brook trout are more sensitive than brown trout, and
rainbow trout are reported to have the lowest incidences in wild fish populations (Mit-
chum et al. 1979). In experimental infections sockeye salmon (Oncorhynchus nerka
(Walbaum)), chum salmon (Oncorhynchus keta (Walbaum)), coho salmon
(Oncorhynchus kisutch (Walbaum)), chinook salmon (Oncorhynchus tshawytscha
(Walbaum)) and Atlantic salmon have been relatively susceptible to R. salmoninarum,
whereas lake trout (Salvelinus namaycush (Walbaum)) and brook trout (Salvelinus
fontinalis (Mitchill)) have been relatively resistant (Sanders et al. 1978, Sakai et al.
1991, Starliper et al. 1997). In Sweden both arctic char and Atlantic salmon seem to be
more susceptible to BKD than rainbow trout (Jansson et al. 1996).
2.2.1.2  Geographical distribution
BKD was first noted in Scotland in 1930, and thereafter also in the USA and Canada
(Fryer & Lannan 1993). The disease is widespread and occurs in Europe, North America,
Asia and South America, wherever salmonids are cultured (Fryer & Lannan 1993). In
North America BKD has caused significant mortality, especially in the Pacific North-
west and the Great Lakes region (Starliper et al. 1997). In Sweden the first case of
BKD was detected in 1985 (Jansson et al. 1996).
The prevalence of infected fish varies considerably in both farmed and wild fish
populations. In wild or feral populations the prevalences have been reported to be
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between 3% and 83% in brook trout, brown trout and rainbow trout in North America
(Mitchum et al. 1979), 3-100% in arctic char and 6-81% in brown trout in Iceland
(Jónsdóttir et al. 1998), 0-2.5% in returning wild Atlantic salmon in Iceland
(Gudmundsdóttir et al. 2000), 33.4-35.1% in Atlantic salmon in Canada (Paterson et
al. 1979), and 0-100% in Pacific salmon, trout, char and grayling in Alaska (Meyers et
al. 1993a). In farmed fish the mortalities due to BKD and the prevalence of infection
are highly variable. In parts of North America the prevalence of infected fish in hatchery
salmonid stocks has been 50-100% (Pascho et al. 1991, Meyers et al. 1993a, Maule
et al. 1996). In Scottish trout farms the mortality caused by BKD was between 0 and
20% annually, while up to 69% of the farmed Atlantic salmon pre-smolts were infected
at some farms (Bruno 1986b). However, the prevalences at Scottish farms have recently
been much lower (Bruno 2004).
In Finland BKD was detected for the first time in 1989 in farmed rainbow trout in the
Åland archipelago located between Finland and Sweden (Rimaila-Pärnänen 2002).
Since the first case at a brackish water farm, the infection has also spread to freshwater
farms, mostly those growing rainbow trout (Rimaila-Pärnänen 2002). By 2003, R.
salmoninarum had been detected from 9 water catchment areas of Finland. In addition
to rainbow trout the bacterium has also occasionally been isolated from Atlantic salmon,
sea trout, brown trout and char (Rimaila-Pärnänen 2002) (Unpublished data from the
National Veterinary and Food Research Institute).
2.2.2  Clinical signs and treatment
The external signs of BKD are quite variable and they occur primarily during the terminal
stages of the disease (Fryer & Sanders 1981). Because BKD is a slowly developing
infection the disease seldom occurs in fish until they are 6 to 12 months old (Mitchum
et al. 1979, Evelyn 1988). Gross external signs of BKD may include exophthalmos,
swollen abdomen, petechiae, general haemorrhaging, skin discolouration, loss of
balance and swollen vent (Bruno 1986a). Gross internal lesions may include an increase
in the peritoneal exudate, splenomegaly, a light-coloured liver, general anemia and the
development of an opaque membrane around the spleen, liver, swimbladder, intestinal
tract and kidney and occasionally also the heart epicardium. The kidney is pale, swollen
and granular, particularly in the posterior section, and contains greyish-white necrotic
patches (Bruno 1986a). Death may be attributed to several causes, including the
obliteration of normal kidney and liver structure by the proliferation of large
granulomatous lesions, resulting in impaired function, heart failure due to invasion of
the myocardium by phagocytic cells containing R. salmoninarum or from products
liberated from disrupted macrophages (Bruno 1986a).
BKD causes death over a wide range of water temperatures. Water temperature
influences the mortality rates and pathological changes occurring in BKD. The mortality
is highest in the range of 6.7-12.2 ºC (Sanders et al. 1978), and higher temperatures of
17.8 and 20.5 ºC have some suppressing effect on the disease (Sanders et al. 1978).
At higher temperatures, however, the interval between infection and death is shortest.
Deaths from BKD still occur at 4 ºC (Sanders et al. 1978). The development of necrotic
lesions and membranes around the internal organs seems to be temperature-related.
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In natural infections salmon developed white membranes on the spleen or liver at
temperatures between 1.7 and 9.4 ºC, both membranes and necrotic lesions at
temperatures between 7.2 and 10.5 ºC and necrotic lesions only at 6.7-17.2 ºC (Smith
1964).
The seasonality of the naturally occurring episodes of BKD is unclear (Klontz 1983).
Depending on the fish species, age of the fish and various farming systems and
environmental conditions, both autumn and winter as well as spring have been reported
to be periods when most epizootics occur (Fryer & Sanders 1981). According to the
first description of the disease in Scotland, disease outbreaks occurred in the spring
and early summer (Smith 1964). Bruno (1986b) divided BKD outbreaks at Scottish
trout farms into two categories. The first was the annual occurrence of disease with
variable mortalities, and the second was the occurrence of a single outbreak that was
not repeated in subsequent years. In rainbow trout farms BKD outbreaks were only
recognized between February and September, rising to a peak in May (Bruno 1986b).
In Finland, Renibacterium salmoninarum has mostly been isolated in May and June,
but there have also been isolations of the pathogen throughout the year (unpublished
data of the National Veterinary and Food Research Institute). BKD has occurred both
as disease outbreaks and as non-symptomatic infections. The youngest diseased fish
have been less than one year old, and the peak level of mortality has been approximately
10% (Rimaila-Pärnänen 2002). In one case the only finding at a fish farm was the
isolation of the pathogen from one sample of ovarial fluid of grayling, with all efforts to
determine the prevalence of the infection at the farm growing several salmonid fish
species being unsuccessful.
Chemotherapy, either prophylactic or therapeutic feeding of antimicrobials, produces
some reduction in mortality, but the benefits are typically transient and mortality usually
resumes after the drug is withdrawn (Elliott et al. 1989). In vitro, several antimicrobial
compounds have shown to be effective against R. salmoninarum, including nitrofurans,
bacitracin, chloramphenicol, chlortetracycline, oxytetracycline, novobiocin and
erythromycin (Wolf & Dunbar 1959), cephalosporins, chloramphenicol, gentamicin,
clindamycin, erythromycin, lincomycin, oleandomycin, tetracyclines and penicillins
(Austin 1985), tetracycline, erythromycin, cefazolin and tiamulin (Bandín et al. 1991).
In contrast to previous reports, Bandín et al. (1991) observed that neither nitrofurans
nor quinolones showed inhibitory effects on the growth of R. salmoninarum. On the
basis of the results obtained through in vivo trials, erythromycin at a dose of 100 mg/
kg/day for 21 days (Wolf & Dunbar 1959) or for 10 days (Austin 1985) is regarded as
the most effective treatment for BKD. The antibiotic is mixed in the feed.
Chemotherapy has also been used as prophylactic treatment to reduce BKD-associated
prespawning mortality in adult brood fish, erythromycin being the most commonly used
drug (Elliott et al. 1989). The technique consists of a subcutaneous administration of
11 mg erythromycin phosphate per kg bw. The injections are given on or near the day
when the fish enter trapping facilities and at 21-30 day intervals thereafter, if the
prespawning holding period is extended. Adoption of this technique has resulted in a
dramatic drop in prespawning mortalities in Pacific salmon, from 50% to 10-20%
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(Groman & Klonz 1983). A single injection of erythromycin phosphate (20 mg/kg) before
spawning has also been used to prevent BKD in adult fish (Pascho et al. 1991,
Gudmundsdóttir et al. 2000).
2.2.3  Epidemiology
2.2.3.1  Disease transmission
Renibacterium salmoninarum is transmitted both horizontally and vertically. Vertical
transmission through infected gametes plays a significant role in the maintenance of
the infection in susceptible populations (Fryer & Lannan 1993), and it has been regarded
as the principal way in which bacterial kidney disease is transmitted in the wild (Evenden
et al. 1993). The first observation of transmission of the disease via infected eggs was
published in the 1960s (Allison 1958), and later Bullock et al. (1978) reported that
while disinfection of eggs with iodine (100 mg/l 15 min) reduces the severity of the
disease in the progeny, it does not eliminate transmission. They also showed that
rainbow trout with a history of BKD but no clinical signs at the time of spawning were
capable of transmitting the infection to their progeny. The offspring from such brood
stock were found to harbour low numbers of R. salmoninarum in the kidney and gut
(Bullock et al. 1978).  However, it was not until in the 1980s that Evelyn et al. (1984)
demonstrated the intra-ovum location of the bacterium. They showed that 11.6-15.1%
of eggs of coho salmon contained R. salmoninarum, presumably in the egg yolk. The
brood fish in that study were heavily infected with R. salmoninarum, the coelomic fluid
having a cloudy appearance and containing 4 x 109 CFU/ml. While short-term treatment
of water-hardened eggs with iodine (500 mg/l, 15 min) was very effective in killing the
pathogen on the surface of the eggs, it was completely ineffective in reducing the
prevalence of the intra-ovum infections (Evelyn et al. 1984). The eggs may be infected
through coelomic fluid containing R. salmoninarum (Evelyn et al. 1984, Evelyn et al.
1986b, Pascho et al. 1991) or prior to exposure to ovarian fluid (Bruno & Munro 1986a,
Lee & Gordon 1987, Lee & Evelyn 1989). Early exposure in the egg stage to an
extracellular protein of R. salmoninarum (p57) results in long-term immunosuppression
and a decreased ability to resist challenges with the pathogen, possibly due to the
induction of immunotolerance in the progeny (Brown et al. 1996).
Horizontal transmission through water is known to occur under natural conditions   (Pippy
1969, Mitchum & Sherman 1981, Sakai & Kobayashi 1992), but the mechanisms of
transmission are not clearly understood (Fryer & Lannan 1993). The infection has
been induced experimentally using immersion and cohabitation challenges (Murray et
al. 1992, Mesa et al. 1998, O’Farrell et al. 2000), by the faecal-oral route (Balfry et al.
1996) and through abrasion of the skin (Wolf & Dunbar 1959). The capacity of R.
salmoninarum to survive in the aquatic environment has been reported to be limited,
the longest time for survival being 28 days (Austin & Rayment 1985, Evelyn 1988,
Balfry et al. 1996).
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2.2.3.2  Chronic carriers
The reservoir of R. salmoninarum in nature is considered to be chronic carrier female
salmonids (Klontz 1983) or covertly infected salmonids of various ages (Paterson et
al. 1979). Wood & Wallis (1955) first reported that especially during an epidemic the
pathogen can be found in the organs of fish showing no macroscopic evidence of the
disease (Wood & Wallis 1955). The introduction of the indirect fluorescent antibody
technique (Bullock & Stuckey 1975b) provided a more effective tool for detecting
asymptomatic infections. Later, the development of the fluorescent antibody technique
and other methods for detecting the presence of R. salmoninarum cells, antigens or
DNA in fish tissues and coelomic fluid as well as the development of the culture method
have further emphasized the role of carrier fish in the epidemiology of BKD (Elliott &
Barila 1987, Pascho & Mulcahy 1987, Gudmundsdóttir et al. 1991, Sakai & Kobayashi
1992, Griffiths et al. 1996, Elliott & McKibben 1997, Elliott et al. 1997). Covert infections
are common in wild fish populations. Prevalences of 33.4% in Atlantic salmon parr and
35.1% in returning adults have been reported in a Canadian river (Paterson et al.
1979), 48% in coho salmon brood fish and 17% in rainbow trout brood fish in the USA
(Cipriano et al. 1985), and as low as 0.4% in Atlantic salmon in Iceland (Helgason &
Benediktsdottir 1987), but 46% in Arctic char and 35% in brown trout (Jonsdottir et al.
1998), and 5% in chum salmon in Japan (Sakai et al. 1992). Elliott et al (1997) reported
that although only 1-11% of the smolts of hatchery and wild chinook salmon exhibited
lesions characteristic of BKD, 86-100% of the fish tested positive by ELISA during the
out-migration (Elliott et al. 1997). Covert inections are also common among farmed
fish, the reported prevalences being 32% (Lovely et al. 1994) and 34.5% (Griffiths et
al. 1996) in Atlantic salmon.
Covert infections have been experimentally induced by challenging Atlantic salmon
(14-28 g) with low levels of R. salmoninarum (1x103 CFU per fish by intraperitoneal
injection) and holding the fish at a low temperature of 7-8 ºC (Lovely et al. 1994). The
number of bacterial colonies in these asymptomatic covertly infected fish was between
>1x102 and 3x104 CFU per g of kidney tissue. The low temperature was regarded as
the main reason for the small number of bacteria and for the absence of changes
typical of BKD (Lovely et al. 1994). Similarly, Evelyn et al. (1981) reported overt infections
in yearling sockeye salmon when the fish harboured > 105 CFU per 0.5 g of kidney
tissue, and covert infections when the number of bacteria was lower, 102-104 CFU per
0.5 g of kidney tissue.
Meyers et al. (1993a) detected very high stock prevalences and levels of R.
salmoninarum antigen in wild trout (Oncorhynchus spp.), char (Salvelinus spp.), and
grayling (Thymallus arcticus) having no clinical signs of BKD in wild and hatchery
stocks in Alaska, suggesting that these species may be somewhat resistant hosts and
important freshwater reservoirs of R. salmoninarum.
R. salmoninarum is phagocytosed by polymorphonuclear leucocytes, macrophages
and pigment cells (Young & Chapman 1978, Bruno 1986a). The ability of the pathogen
to survive and multiply inside phagocytic cells has been considered to contribute to the
chronic nature of BKD by protecting it from circulating antibody and antimicrobial agents
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(Fryer & Sanders 1981, Fryer & Lannan 1993). Bandin et al. (1993) demonstrated that
R. salmoninarum was able to survive within trout macrophages for 3-4 days, but
thereafter there was a decrease in the number of viable bacteria. The authors concluded
that the inability of macrophages to kill R. salmoninarum was not entirely due to the
inhibition of the macrophage bactericidal capacity, suggesting that the survival was
due to the ability of the bacterium to resist killing (Bandin et al. 1993).
2.2.3.3  Predisposing factors
Water temperature has a strong effect on the mode of R. salmoninarum infection,
including its occurrence as an overt or covert infection, clinical signs, mortality and
internal lesions, as described earlier in the text. Differences in relative sensitivity between
fish species also influence the occurrence of the disease. Effects of the composition
and consistency of the diet and water chemistry on the prevalence and severity of
BKD have been investigated, but the results of different studies are difficult to interprete
and it is doubtful whether dietary factors or water chemistry have any major influence
on BKD (Fryer & Sanders 1981, Fryer & Lannan 1993, Elliott et al. 1989). However,
water salinity is known to affect the susceptibility to infection when juvenile anadromous
salmon are transported from fresh to seawater (Fryer & Sanders 1981, Banner et al.
1983, Pascho et al. 1991, Sanders et al. 1992). Salmonid fish harbouring R.
salmoninarum during their freshwater rearing phase experienced an accelerated
mortality rate soon after entering sea water, the majority of deaths occurring between
2 and 4 months after the fish entered salt water (Fryer & Sanders 1981). Banner et al.
(1983) reported cumulative mortality to be as high as 81% in chinook salmon smolts
200 days after entering saltwater. However, this mortality rate must be considered
cautiously, because the experimental conditions were artificial and stressful and probably
contributed to the development of BKD to levels that are not found under natural
conditions (Banner et al. 1983). The physiological adaptation to salt water, the process
of smoltification, can itself trigger outbreaks of BKD in fish infected with R. salmoninarum
(Mesa et al. 1999). The loading density of juvenile salmonids also has an effect on the
occurrence of BKD. Decreasing the density has been reported to be one factor reducing
the prevalence of BKD in hatcheries, probably due to the enhanced specific immune
response of juvenile salmon (Maule et al. 1996).
2.2.4  Control
Because treatment of the disease is difficult and no effective vaccines against BKD
are available, avoidance is recommended for the control of BKD in cultured salmonid
stocks (OIE 2003). However, if BKD is enzootic in wild fish populations, it is difficult to
avoid horizontally-transmitted infections. Horizontal transmission is especially difficult
to avoid when salmonids are reared in seawater if BKD occurs in marine salmonids or
other species, either as overt or covert infections (OIE 2003).
In areas where BKD is enzootic in wild salmonid populations and the infection is also
common among farmed salmon, efforts to control the disease target the reduction of
vertical transmission. If no brood stocks free of R. salmoninarum infection are available,
segregation of the brood stock has proven to be an effective tool to reduce the
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prevalence and levels of R. salmoninarum infection, on the presumption that the
methods used are adequate for identifying the infection level in brood fish (Pascho et
al. 1991, Maule et al. 1996, Gudmundsdóttir et al. 2000). After segregation, the eggs of
heavily infected adults and those of lightly infected or uninfected fish are reared
separately. In areas where BKD prevalences are high, segregation does not eliminate
the disease, but it reduces the infection levels in the progeny and significantly increases
the survival of both hatchery-reared juveniles and smolts transferred to seawater
(Pascho et al. 1991, Elliott et al. 1995). In Iceland, successful management of R.
salmoninarum infection was achieved by applying brood stock segregation and using
bacterial culture and ELISA of kidney tissue to identify infected brood fish. Gametes of
different parentage were kept apart while samples were tested and gametes of positive
brood fish were destroyed. Using these control measures, the percentage of positive
brood fish declined from 35% to below 2%, and smolts free of R. salmoninarum could
be produced even though the brood fish stocks were infected (Gudmundsdóttir et al.
2000).
Erythromycin injection of female brood fish prior to spawning using techniques described
in chapter 2.2. has been used to control the vertical transmission of R. salmoninarum
(Elliott et al. 1989). After subcutaneous administration, erythromycin was deposited in
the eggs (Groman & Klonz 1983, Bullock & Leek 1986, Evelyn et al. 1986a, Brown et
al. 1990) and persisted there for 30 to 60 days at concentrations high enough to inhibit
the growth of R. salmoninarum (Bullock & Leek 1986). Even though injection of
erythromycin was an effective means of reducing the prevalence of infection in the
progeny, it was not effective in eliminating the pathogen from all the eggs or alevins
(Brown et al. 1990). Careful timing of the injections of adult salmonids before spawning
seems to be essential for successful treatment (Elliott et al. 1989).
Treatment of water-hardened eggs with iodine reduces the severity of BKD, but it does
not eliminate vertical transmission of the disease (Bullock et al. 1978). While iodine
treatment (250 or 500 mg/l, 15-120 min) is effective in eliminating R. salmoninarum as
well as fast-growing contaminating bacteria on the surface of the eggs, some viable R.
salmoninarum cells survived on each of the eggs after all treatment protocols,
presumably due to cells being present within the cell aggregates that never encounter
iodine (Evelyn et al. 1984, Evelyn et al. 1986b). Treatment with iodine does not reduce
intra-ovum infections of R. salmoninarum (Evelyn et al. 1984).
R. salmoninarum is inactivated by free chlorine, even at concentrations as low as 0.05
mgl-1 (Pascho et al. 1995). Disinfection with chlorine has been suggested to be a valuable
tool for hatchery sanitation, including the treatment of incoming rearing water, the
surface-disinfection of equipment, and the treatment of contaminated effluent released
from the rearing units affected by BKD (Pascho et al. 1995).
2.2.5  Characterization of Renibacterium salmoninarum
The causative agent of bacterial kidney disease was first cultured and characterized
by Ordal & Earp (1956). They described the pathogen as a Gram-positive short rod
frequently occurring in pairs. The dimensions were variable but most cells ranged from
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0.3 to 0.5 µm by 0.5 to 1.0 µm. In the lesions of infected fish the bacterium was found
both intracellularly and extracellularly. A considerable degree of pleomorphism was
sometimes noted in intracellular forms in infected tissues and also in some laboratory
cultures. Because catalase was produced and no endospores were found, the organism
was suggested to belong to the genus Corynebacterium. Later, the kidney disease
bacterium was characterized by the G+C% content of the DNA, the cell wall sugar
composition and the amino acid composition of the peptidoglycan cell wall layer, and
was proposed to form a single species belonging to a new genus, Renibacterium
(Sanders & Fryer 1980). The type species was named Renibacterium salmoninarum.
The genus belongs to the group of regular, nonsporing Gram-positive rods (Holt et al.
2000). Analysis of the phylogenetic position based on 16S rRNA sequencing revealed
that the bacterium is a member of the actinomycetes group and related to a subgroup
including the genera Arthrobacter, Micrococcus, Cellulomonas, Jonesia,
Promicromonospora, Stomatococcus and Brevibacterium (Stackebrandt et al. 1988).
The G+C% of the DNA was later determined to 55.5  (Banner et al. 1991), which was
consistent with the 16S rRNA sequencing data indicating R. salmoninarum to be a
member of the high G+C% Gram-positive eubacterial subdivision including the following
genera: Corynebacterium, Streptomyces, Rhodococcus, Mycobacterium, Nocardia and
Actinomyces (Gutenberger et al. 1991).
R. salmoninarum is aerobic, cytochrome oxidase negative, non-acid fast, non-motile
and there is no acid production from sugars and no endospores are formed. All strains
require cysteine for growth. Optimal growth occurs at 15 to 18 ºC, growth is very slow
at 5 and 22 ºC, and the bacterium does not grow at 37 ºC. Growth on all media is slow,
often requiring several weeks of incubation (Sanders & Fryer 1980). R. salmoninarum
strains isolated from different regions form a very homogeneous group on the basis of
morphological, biochemical  and physiological (Goodfellow et al. 1985, Bruno & Munro
1986b) as well as antigenic properties (Bullock et al. 1974, Getchell et al. 1985, Daly &
Stevenson 1990). However, serological heterogeneity has been reported in one study
(Bandín et al. 1992). The bacterium is a highly conserved and studies on isolates from
different parts of the world indicate relatively low genetic diversity (Starliper 1996,
Grayson et al. 1999, Rhodes et al. 2000). Molecular diversity among isolates has been
reported, but there has been no strong correlation with the geographical origin or
biological source of the isolates (Grayson et al. 2000, Rhodes et al. 2000, Alexander et
al. 2001).
In an antigenic analysis of R. salmoninarum isolates, several different antigens were
identified (Getchell et al. 1985). The major component was common to all isolates, first
named as antigen F and later as protein 57 (p57), according to the molecular weight of
57 Kd. This component occurred as a major component on the cell surface and was
also excreted into the culture medium (Getchell et al. 1985, Senson & Stevenson
1999, O’Farrell & Strom 1999) and into tissues of infected fish (Turaga et al. 1987). It
remains stable after heating at 100 ºC for 30 min (Getchell et al. 1985). Protein 57 is
located on the surface of the bacterial cells and is a component of peritrichous fimbriae
(Dubreuil et al. 1990). A strain of R. salmoninarum with a low virulence also produced
p57, but  it could not be associated with the bacterial cell surface components (Senson
& Stevenson 1999). When p57 is associated in the cell wall, the bacterial cells are
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hydrophobic and autoagglutinating, and agglutinate rabbit erythrocytes (Bruno 1988,
Daly & Stevenson 1990) and salmonid leukocytes (Wiens & Kaattari 1991). Protein 57
suppresses the immune system of the host (Wood & Kaattari 1996, Grayson et al.
2002). Early egg stage exposure to p57 results in long-term immunosuppression and
a decreased ability in the fish to resist subsequent challenges with R. salmoninarum
(Brown et al. 1996).
2.2.6  Diagnostic methods for the detection of Renibacterium salmoninarum
R. salmoninarum may be harboured in different parts of the body, including ovarian
fluid. However, kidney tissue provides the highest probability of detecting R.
salmoninarum in an infected fish population  (Paterson et al. 1981, Griffiths et al. 1991,
Griffiths et al. 1996). Although there are no significant differences in the frequencies at
which R. salmoninarum is detected in samples taken from different parts of the kidney,
increasing the number of kidney samples tested per fish significantly enhanced the
detection of positive fish harbouring low levels of R. salmoninarum (Pascho & Mulcahy
1987, Olsen et al. 1992, Pascho & Mulcahy 1987).
Several methods can be used to screen fish populations for R. salmoninarum infection,
including cultivation, immunofluorescent antibody tests, ELISA and amplification and
the identification of DNA sequences typical for the pathogen with PCR (OIE 2003).
Serological methods are not recommended for disease monitoring, because detectable
levels of antibodies after exposure take a long time to develop and covertly infected
but apparently healthy fish are usually sero-negative (Bruno 1987, Lovely et al. 1994,
Jansson & Ljungberg 1998).
In acute disease outbreaks with high mortality the samples collected from the affected
fish contain large numbers of the pathogen, and the bacterium is easily detected
whatever technique is used (Dixon 1987a). In experimental infections, mortality occurred
only when the colony count was > 108 CFU per g in the kidney tissue (Olivier et al.
1992). There was no mortality with a bacterial load of < 3x104 CFU per g kidney tissue
(Lovely et al. 1994), and overt infections with clinical signs of BKD were observed
when the bacterial load was > 104 CFU per 0.5 g of kidney tissue, while fish habrouring
smaller numbers of bacteria were covertly infected and apparently healthy (Evelyn et
al. 1981). Covertly infected fish are the real problem in the diagnostics of BKD. The
smaller the quantity of the bacteria, the greater is the variation between the results
from different detection methods. In screening programmes a combination of several
methods would ensure that the maximum number of positive samples is detected
(Griffiths et al. 1996). The parallel use of several techniques is, however, not possible
in large scale monitoring programmes. Nevertheless, the application of reliable
diagnostic methods that can detect low levels of R. salmoninarum in a variety of sample
types is crucial to the success of any BKD control programme (Office International des
Epizooties 2003).
In disease outbreaks the detection of BKD has earlier been based on the observation
of characteristic lesions supplemented by examination of sections of smears from the
diseased tissues by Gram staining. Large numbers of tiny Gram-positive organisms,
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often in pairs, were characteristically found both intracellulary and extracellularly in the
lesions of infected fish (Ordal & Earp 1956). Bacterial culture remains the benchmark
method for determining the viability of R. salmoninarum, while immunodiagnostic
methods, the enzyme-linked immunosorbent assay (ELISA) and the fluorescent
antibody test (FAT), have become the most widely tools used for screening (OIE 2003).
PCR is used for confirmatory identification of R. salmoninarum in bacteriological cultures
and fish tissues or body fluid samples (OIE 2003). Other methods used for the detection
of R. salmoninarum in fish tissues are the immunodiffusion test (Chen et al. 1974,
Kimura et al. 1978, Pascho & Mulcahy 1987), coagglutination test with antibody-
sensitized staphylococci (Kimura & Yoshimizu 1981, Dixon 1987a, Sakai et al. 1987),
counterimmunoelectrophoresis (Cipriano et al. 1985, Pascho & Mulcahy 1987), the
peroxidase-antiperoxidase procedure (PAP) (Sakai et al. 1987), the latex agglutination
test (Dixon 1987a, Romalde et al. 1995) and Western blotting (Turaga et al. 1987,
Griffiths et al. 1991, Griffiths et al. 1996, McIntosh & Austin 1996). Histological techniques
used for the detection of the pathogen are not discussed here.
2.2.6.1  Cultivation
Cultivation is used for the detection of viable R. salmoninarum cells in fish tissues and
also to quantify the number of viable bacteria in samples (OIE 2003). It is one of the
oldest methods used for the diagnostics of this pathogen (Ordal & Earp 1956). Cultivation
has been used as a screening method in disease monitoring programmes in Iceland
(Benediktsdóttir et al. 1991) and in Finland (Rimaila-Pärnänen 2002). It is also commonly
used for the examination of disease outbreaks among fish.
Several cultivation media have been developed for the detection of R. salmoninarum.
Cysteine is an essential requirement for the growth of the bacterium (Ordal & Earp
1956). The cysteine requirement appears to be stereospecific, the addition of L-cysteine
resulting in good growth while other compounds tested, including D-cysteine, were not
as effective (Daly & Stevenson 1993). Kidney disease medium (KDM2) was introduced
by Evelyn (1977). The medium contained peptone, yeast extract, serum and cysteine
(Evelyn 1977). Selective kidney disease medium (SKDM) (Austin et al. 1983) is now
widely used for the primary isolation of R. salmoninarum from fish tissues. SKDM is
similar to KDM2, containing in addition four antimicrobial compounds: D-cycloserine,
polymyxin B, oxolinic acid and cycloheximide. Charcoal agar (KDM-C) (Daly &
Stevenson 1985a) contained activated charcoal instead of serum to inactivate toxic
substances. KDM-C was developed for the primary culture of fish samples as well as
for growing large quantities of cells for diagnostic antisera or vaccines, without concern
for cross-reacting antigens, and for physiolgical studies of the pathogen. However,
SKDM proved to be a more sensitive medium than KDM-C for the primary isolation of
R. salmoninarum (Gudmundsdóttir et al. 1991). The addition of a spent broth to KDM2
medium supported the growth of R. salmoninarum (Evelyn et al. 1990). The use of
spent broth was based on the finding that the growth of R. salmoninarum as a nurse
culture inoculated onto the center of the culture plate modifies the conditions on the
plate such that the growth of R. salmoninarum cells in tissue samples inoculated
peripherally on the same plate was greatly accelerated, a phenomenon resembling
“satellitism” (Evelyn et al. 1989). The use of the spent broth reduces the incubation
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time required for the appearance of colonies of R. salmoninarum (Teska 1993), and it
can also be added to the medium as an alternative to serum or charcoal (Teska 1994).
Mueller-Hinton medium supplemented with cysteine has also been used for culture
(Wolf & Dunbar 1959, Bruno 1988).
Kidney and liver tissues of salmonid fish contain substances that inhibit the growth of
R. salmoninarum (Evelyn et al. 1981, Daly & Stevenson 1988). To eliminate the toxic
effect of the tissue the samples are homogenized in PBS, centrifuged and the pellet is
used for culture (Evelyn et al. 1981). Drop-plating of dilutions of the homogenized
tissues has also been used for inoculating the culture media (Evelyn 1977, Griffiths et
al. 1991).
The incubation time required for the appearance of R. salmoninarum colonies in the
primary cultures of fish tissues correlates with the number of bacteria present in the
samples. In acute clinical infections, when the samples contain large numbers of
bacteria, growth usually occurs within 4-10 days (Ordal & Earp 1956, Evelyn 1977).
However, long  incubation periods from 3-5 up to 12-19 weeks are required to obtain
growth when covertly infected fish harbouring low numbers of bacteria are examined
(Benediktsdóttir et al. 1991, Evelyn 1977).
R. salmoninarum produces creamy-yellow, convex, smooth colonies on agar media
(Sanders & Fryer 1980). Growth of auto-agglutinating virulent strains is sticky and the
bacteria lift from the media surface in clumps, while colonies of non-agglutinating strains
with low virulence are softer-textured and non-sticky (Bruno 1988). There is often
considerable variation in colony size, although colonies of all sizes contain bacteria
with the same morphological characteristics (Ordal & Earp 1956). To identify the colonies
as R. salmoninarum the following criteria can be used: absence of growth on trypricase
soy agar or blood agar, the observation of small Gram-positive rods, a positive reaction
in the catalase test and a negative reaction in the oxidase test, and a positive reaction
in the fluorescent antibody (FA) test (Benediktsdóttir et al. 1991, OIE 2003). The API-
ZYM system (bio-Merieux) incubated at 15 ºC for 18 h is used for testing the enzymatic
activity  (OIE 2000).
Storage of the samples affects the sensitivity of the culture method, especially when
the bacterial load in the samples is low (Olsen et al. 1992). The number of positive
samples was significantly reduced after storage of sample swabs at 4-22 ºC for 20 to
24 h as well as after freezing the samples at -20 ºC for 3-4 months (Olsen et al. 1992).
False-negative results may also be obtained if the cultures are overgrown by fast-
growing contaminants, other bacteria or moulds, which inhibit the growth of R.
salmoninarum.
Bacterial cultivation has been regarded as the most sensitive method for the detection
of R. salmoninarum, especially in covertly infected fish (Evelyn et al. 1981, Cipriano et
al. 1985, Dixon 1987a, Dixon 1987b, Shortt et al. 1988, Griffiths et al. 1996). However,
several authors have repored that even though the presence of R. salmoninarum in
kidney tissue is evident using methods such as FA, ELISA or PCR, efforts to isolate
Varpu Hirvelä-Koski, Academic Dissertation
49
the bacterium using the culture method can be unsuccessful (Mitchum et al. 1979,
Paterson et al. 1979, Evelyn et al. 1981, Pascho & Mulcahy 1987, Griffiths et al. 1991,
Sakai & Kobayashi 1992, Gudmundsdottir et al. 1993, Jansson et al. 1996, Miriam et
al. 1997, Cvitanich 2004b).
2.2.6.2  Fluorescent antibody techniques
Fluorescent antibody techniques are widely used for screening large numbers of fish
for R. salmoninarum infection as well as for identifying the pathogen in diseased fish or
bacterial cultures (OIE 2003, Mitchum et al. 1979, Lee & Gordon 1987, Sakai &
Kobayashi 1992, Paterson et al. 1981, Elliott et al. 1997, Laidler 1980, Sakai et al.
1992, Sanders et al. 1992). Different variations of the FA test have been used, especially
for screening brood stocks of salmonid fish to control the vertical transmission of R.
salmoninarum (Lee & Gordon 1987, Elliott & Barila 1987, Armstrong et al. 1989, Pascho
et al. 1991, Meyers et al. 1993a, Pascho et al. 1998). FA tests detect the antigen(s)
located on the surface of the bacterial cell and they enable the enumeration of bacterial
cells in samples (Elliott & McKibben 1997).
Smears of fish tissues are examined either by an indirect (Bullock & Stuckey 1975b) or
direct FA test (Bullock et al. 1980). Ovarian fluid samples are centrifuged to concentrate
the bacteria prior to the staining procedure (Armstrong et al. 1989). After centrigugation
the ovarian fluid may also be filtered to collect the bacteria on polycarbonate filters for
the staining procedure (Elliott & Barila 1987, Elliott et al. 1997). The filtration technique
was later also modified for the examination of kidney samples (Lee 1989). A quantitative
fluorescent-antibody technique (QFAT) using direct FA staining was developed for the
enumeration of R. salmoninarum cells in kidney tissue (Cvitanich 2004b, Cvitanich
2004a).
Even though FA techniques have widely been applied to the detection of R.
salmoninarum infection in fish populations, several studies have reported problems
when these techniques are used, including low sensitivity, false positive  and false
negative results and difficulties in standardizing the testing procedure (Bullock et al.
1980, Austin et al. 1985, Yoshimizu et al. 1987, Bandín et al. 1993, Armstrong et al.
1989, Cipriano et al. 1985, Elliott & Barila 1987, Evelyn et al. 1981a, Griffiths et al.
1991, Evelyn et al. 1981b). Microscopic examination of stained smears for bacteria is
rather laborious, especially when monitoring a healthy fish population in which the
bacterial load is low. A minimum of 50 microscopic fields should be examined for each
sample, and observation of 100-200 fields per sample has been used to increase the
sensitivity of the method (Evelyn et al. 1981, Elliott & Barila 1987, Lee & Gordon 1987,
Lee 1989, Elliott & McKibben 1997).
2.2.6.3  Enzyme-linked immunosorbent assay (ELISA)
The enzyme-linked immunosorbent assay (ELISA) is widely used for screening fish
populations for R. salmoninarum infection (OIE 2003). It can also be used for the
detection of R. salmoninarum in diseased fish as well as for the identification of the
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bacteria in a cultivation medium (Dixon 1987b). The ELISA method, usually double-
antibody sandwich ELISA, is based on the detection of soluble antigens, the main
target being p57, the heat-stable major soluble antigen produced by R. salmoninarum.
There have been several modifications of ELISA tests based on the use of polyclonal
antibodies (Dixon 1987b, Pascho & Mulcahy 1987, Pascho et al. 1987, Pascho et al.
1991, Gudmundsdottir et al. 1993, Meyers et al. 1993b, Olea et al. 1993, Jansson et
al. 1996). ELISA has been regarded as the most sensitive method available for the
detection of R. salmoninarum infections in fish populations, where kidney tissue is
used for the examination (Pascho et al. 1987, Gudmundsdóttir et al. 1993, Meyers et
al. 1993a, Olea et al. 1993, Jansson et al. 1996, Elliott et al. 1997), and it has been
widely used for screening purposes (Pascho et al. 1991, Gudmundsdóttir et al. 1993,
Meyers et al. 1993a, Meyers et al. 1993b, Maule et al. 1996, Elliott et al. 1997, Jónsdóttir
et al. 1998, Gudmundsdóttir et al. 2000). When coelomic fluid is examined, the sensitivity
of polyclonal ELISA is essentially lower because of the small numbers of R.
salmoninarum cells present in ovarian fluid (Pascho et al. 1991, Griffiths et al. 1996,
Pascho et al. 1998).
Polyclonal antibodies used in ELISA may cross-react with antigens produced by bacteria
other than R. salmoninarum, causing false positive results. Cross-reactions have been
reported with Rothia dentocariosa and Bacillus sphaericus (Dixon 1987b),
Corynebacterium aquaticum and Carnobacterium piscicola (Bandín et al. 1993, Brown
et al. 1995, Wood et al. 1995) and Xanthomonas (Pseudomonas) maltophilia (Brown
et al. 1995, Bandín et al. 1996). Corynebacterium aquaticum and Carnobacterium
piscicola produced a 57 kDA protein which caused cross-reactions; however, anti-57
monoclonal antibodies did not react with the antigens of these bacteria and they were
negative in PCR designed to amplify a segment of the gene encoding p57 in R.
salmoninarum (Bandín et al. 1993, Brown et al. 1995, Wood et al. 1995).
False negative results obtained by ELISA have also been reported in clinically healthy
carrier fish and in fish with healing BKD lesions (Olea et al. 1993, Griffiths et al. 1996).
The suggested causes have been low numbers of relatively inactive R. salmoninarum
cells occurring in the kidney tissue and ovarian fluid of subclinically infected fish (Griffiths
et al. 1996) or the fact that the fish had been infected and had eliminated the bacterium
and any associated soluble antigens (Olea et al. 1993). Instability of the 57-kDa protein
has also been reported, and degradation of the major antigen is possible during the
post-infection period or during the handling and processing of tissue samples (Griffiths
& Lynch 1991).
ELISA techniques based on monoclonal antibodies are also available, e.g. K-Dtect
and Kwik-Dtect (DiagXotics, Inc., Wilton, CT, USA) and BKD ELISA Test (BIOSChile,
Santiago, Chile). The sensitivity of monoclonal ELISA kits has been demonstrated to
be either comparable with the results obtained by polyclonal ELISA (Bandín et al.
1996), or lower (Jansson et al. 1996).
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2.2.6.4  Detection by molecular methods
OIE (2003) has recently accepted PCR as a suitable method for confirmatory
identification of R. salmoninarum in bacteriological cultures and fish tissue or body
fluid samples.
DNA fragments suggested to be specific to R. salmoninarum have been reported
(Evenden et al. 1990, Etchegaray et al. 1991, León et al. 1994a), and they have been
used for primer design (León et al. 1994b). Since the complete sequence coding for
the p57 was determined (Chien et al. 1992), it has been the target for the primers in
most of the published PCR or nested PCR protocols (Brown et al. 1994, McIntosh et
al. 1996, Miriam et al. 1997, Chase & Pascho 1998, Pascho et al. 1998, Cook & Lynch
1999). The procedure included in the Manual of Diagnostic Tests for Aquatic Animals
was based on the nested PCR method described by Chase and Pascho (1998) and
Pascho et al. (1998).
The sensitivity of the PCR technique in detecting R. salmoninarum in a sample is
usually determined by using seeded samples. The sensitivity of various PCR protocols
has been very high: 1 to 40 bacterial cells per sample (Brown et al. 1994, Magnusson
et al. 1994, Chase & Pascho 1998, Pascho et al. 1998, Rhodes et al. 1998, Cook &
Lynch 1999) or 1 to 100 cells per sample (León et al. 1994b, McIntosh et al. 1996,
Miriam et al. 1997). However, the size of the samples examined is usually very small,
typically 50 µl for ovarian fluid and 100-160 µl of 10-20% kidney tissue homogenate.
Taking into account the amount of the sample, the sensitivity of PCR has been evaluated
as 5 x 103 cells per ml sample under optimal conditions (McIntosh et al. 1996). Some
authors have, however, used a sample size of 0.5 – 3 ml for ovarian fluid, and
concentrated the material for DNA extraction by centrigugation (Magnusson et al. 1994,
Miriam et al. 1997). Compared with other methods, PCR has usually been the most
sensitive method for detecting R. salmoninarum in either kidney tissue or ovarian fluid
(Chase & Pascho 1998, Miriam et al. 1997, Pascho et al. 1998), and it has also been
used for screening the presence of the pathogen (Johnson et al. 2003).
False positive results in PCR may be produced through the amplification of target DNA
from nonviable or non-culturable cells (Josephson et al. 1993), which is particularly
evident in fish subjected to antibiotic chemotherapy (Miriam et al. 1997, Cook & Lynch
1999). In circumstances where it is essential to detect viable cells of R. salmoninarum,
e.g. in the segregation of brood stock, the detection of R. salmoninarum mRNA using
reverse transcription-PCR may be useful (Cook & Lynch 1999). The half-life of bacterial
mRNA is comparatively short, and its detection is more indicative of the presence of
viable pathogens. False positive reactions may also occur due to contamination (Kwok
& Higuchi 1989),  particularly when a nested PCR is used (Persing 1993).
False negative results have been reported to be caused by inhibitory components of
the kidney tissue, especially when the kidney samples contain low numbers of R.
salmoninarum cells (Magnusson et al. 1994, Miriam et al. 1997, Cook & Lynch 1999).
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3  AIMS
The aims of the present study were to:
1. study the biochemical characteristics of Finnish Aeromonas salmonicida strains (I,
II, III);
2. develop a phenotypic scheme to differentiate between typical and atypical strains of
Aeromonas salmonicida (I);
3. develop phenotypic and molecular tools for characterizing atypical Aeromonas
salmonicida (I, III, IV);
4. examine the use of molecular typing methods as tools in the epidemiology of typical
and atypical Aeromonas salmonicida (II, III, IV);
5. investigate the effect of hypochlorite disinfection on Renibacterium salmoninarum
and the survival of the bacterium in the water environment (V); and
6. study the atypical growth of Renibacterium salmoninarum: detection and diagnostics,
virulence to rainbow trout and conversion to the smooth colony form (VI).
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4  MATERIALS AND METHODS
4.1  BACTERIAL STRAINS
The type strains used in these studies were: Aeromonas salmonicida subsp. salmonicida
NCMB 1102 (III, IV), Aeromonas salmonicida subsp. achromogenes NCMB 1110 (III,
IV), Aeromonas salmonicida subsp. masoucida LMG 3782 (IV) and Renibacterium
salmoninarum ATCC 33209 (V, VI).
The following bacterial strains were used in studies I-VI:
Study I: A total of 105 Finnish Aeromonas salmonicida strains from 11 fish species
were examined, including 71 strains of A. salmonicida subsp. salmonicida and 34
atypical A. salmonicida strains, isolated in 1986-1991 from 35 fish farms and 5 wild
fish. One strain per fish species per farm per year was selected for this study.
Study II: A total of 36 strains of Aeromonas salmonicida subsp. salmonicida were
examined, 28 of them from Finland and 8 from Denmark, Sweden, Norway and Canada,
two strains from each country. The Finnish strains were isolated in 1986-1993 from 22
farms and also from feral fish. One isolate per fish species per farm per year was
selected for this study.
Study III: A total of 53 atypical Aeromonas salmonicida strains isolated in 1988-1991
and 2 Finnish A. salmonicida subsp. salmonicida strains were examined. Thirty-four of
the atypical strains were isolated in Finland from 9 fish species, and 19 originated from
other Nordic countries, 5 from Denmark, 5 from Iceland, 5 from Norway and 4 from
Sweden.
Study IV: A total of 88 atypical Aeromonas salmonicida strains were examined, 72 of
them isolated in 1988-1997 in Finland and 16 in other Nordic countries, 2 from Denmark,
5 from Iceland, 5 from Norway and 4 from Sweden. The Finnish strains were isolated
during 1988-1997 from 16 farms. Several isolates were selected for each farm.
Study V: Four strains of Renibacterium salmoninarum were used for studies on survival
in water. Strains 159, 213 and 516 were isolated from rainbow trout (Oncorhynchus
mykiss) at two fish farms during the years 1999-2002. Isolates 159 and 213 were from
the same farm.
Study VI: Two strains of Renibacterium salmoninarum were used, one growing as a
smooth colony form (Isolate 1) and the other as an atypical growth (Isolate 2). Both
were isolated from the same group of rainbow trout in the year 2002.
All bacterial strains were stored at -70 ºC after isolation. The Finnish strains were
mostly collected by the National Veterinary and Food Research Institute through a
diagnostic service and fish disease monitoring programmes. A total of 23 typical
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Aeromonas salmonicida isolates (III, IV) originated from a Nordic culture collection,
which was kindly provided by Dr. Inger Dalsgaard, Danish Institute for Fisheries
Research, Fish Disease Laboratory, Denmark.
4.2  TESTS FOR BIOCHEMICAL, PHYSIOLOGICAL AND GROWTH PROPERTIES
The following tests were used for the characterzation of Aeromonas salmonicida strains
in studies I-IV: Gram staining, the oxidase test, motility, haemolysis, pigment production,
hydrolysis of Tween 80, hydrolysis of aesculin, indole production, reduction of nitrate,
gas production from glucose and maltose, and acid production from glucose, sucrose,
D-xylose, mannitol, maltose, salicin, trehalose and arbutin. Also tested were the
production of elastase in studies II, III and IV, and the hydrolysis of casein in studies III
and IV. Fermentation of carbohydrates was examined using API 50 CHE test strips
(bioMérieux) for 77 strains, including 47 typical and 30 atypical strains. The incubation
temperature was 20-22 ºC and the results were recorded daily for 7 days. For selected
strains, pigment production was tested at 4-6, 15 and 22 ºC for up to 18 d, using
trypticase soy agar, furunculosis agar (Bernoth & Artzt 1989) and brain heart infusion
agar (III). The details of the methods are described in studies I-III.
For the identification of Renibacterium salmoninarum the following tests were used in
studies V and VI: Gram staining, the oxidase test, catalase test, absence of growth on
trypticase soy agar containing 5-10% bovine blood and characteristics in the API ZYM
system (bioMérieux). The incubation temperature was 15-16 ºC.
4.3  ANTIMICROBIAL SUSCEPTIBILITY (I, II, III)
Aeromonas salmonicida strains were tested for susceptibility to ampicillin, cephalothin,
oxytetracycline, oxolinic acid, sulphonamides, trimethoprim-sulpha, chloramphenicol
and nitrofurantoin by the agar diffusion method (Casals & Pringler 1991) using Antibiotic
sulfonamide sensitivity-test agar (Merck) and Neo-sensitabs tablets (Rosco) as
described in studies I and III.  For testing atypical strains, 5-10% blood was added to
the growth medium.
4.4  SDS-PAGE (II)
For SDS-PAGE (sodium docedyl sulfate polyacrylamide-gel electrophoresis) of whole
cell protein profiles, Aeromonas salmonicida subsp. salmonicida strains were grown in
BHI broth for 48 h at 20 ºC. Two ml of the broth was centrifuged, and the samples
prepared and electrophoresed in 12.5% discontinuous polyacrylamide gels (Laemmli
1970). The gels were stained with Coomassie blue. The patterns were photographed
and compared visually.
4.5  RIBOSOMAL RNA GENE RESTRICTION PATTERN ANALYSIS (ribotyping)
(II, III, IV)
The bacterial strains were grown on BHI blood agar at 20 ºC for 48 h, subcultured into
BHI broth and incubated for 48 h. Chromosomal DNA was purified by the method of
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Pitcher et al. (1989), modified as described in study II. The concentration of DNA was
determined spectrophotometrically. DNA (5 µg) was digested with SmaI, BglI, ClaI and
Pst1 restriction enzymes for the examination of A. salmonicida subsp. salmonicida
strains (II) and with SmaI, ClaI and Pst1 for atypical strains (III). The restriction fragments
were electrophoresed in 1.0% agarose gels and transferred to a positively charged
nylon membrane by vacuumblotting (Popovic et al. 1993). The membranes were
hybridized using a digoxigenin-labelled cDNA probe prepared from 16S and 23S RNA
of Escherichia coli by reverse transcriptase (Boehringer, Mannheim). The bands were
visualized colorimetrically using anti-digoxigenin-alkaline phosphatase and nitro blue
tetrazolium and BCIP as substrates. The band patterns were analyzed visually (II) or
using numerical analysis (III). For numerical analysis of ribopatterns, the banding profiles
from ClaI and PstI digests were combined, and the total number of loci where bands
occurred were counted. The absence or presence of bands at the loci was scored as 0
or 1 for each ribopattern group. Computer-assisted analysis of the scores was performed
with the BAKTID Multifactor correlation and cluster analysis program (SES, Turku).
The similarity matrix was clustered according to the unweighted pair-group method
with arithmetic averages to produce a dendrogram.
4.6  RANDOMLY AMPLIFIED POLYMORPHIC DNA ANALYSIS, RAPD (II)
RAPD was performed according to Williams et al. (1990) and Bowditch et al. (1993)
using two primers. Amplification products were electrophoresed in 1.5% agarose gel
and visualized by staining with ethidium bromide. The RAPD analysis was repeated
twice for both primers.
4.7  PLASMID PROFILING (II, III)
Bacterial cells were grown in BHI broth at 20 ºC for 20 h. The broth was centrifuged
and plasmids extracted as described by Kado & Liu (1981). The samples were
electrophoresed in 0.8% agarose gels. The molecular weight markers were plasmids
of Escherichia coli V517 and 39R861 (Macrina et al. 1978, Threlfall et al. 1986).
4.8  PULSED-FIELD GEL ELECTROPHORESIS, PFGE (IV)
The methods described by Maslow et al. (1993) were followed. The bacterial cells
were grown in BHI broth and chromosomal DNA samples for PFGE were prepared
and purified in agar plugs. The DNA in the agar plugs was digested using two restriction
enzymes, XbaI for all strains, and SpeI for selected strains belonging to ribotypes B/B,
G/T, U/U and H/H because they had related patterns to XbaI. The DNA fragments
produced were separated at 200 V for 20 h with ramped pulse times from 0.5 to 18 s.
The standard size-markers were run in parallel with the samples. The gels were stained
with ethidium bromide. The PFGE patterns were analysed by an extensive visual
fragment-for-fragment comparison. A pattern was designated as type 1,2,3... if it differed
by more than seven fragments from other patterns. If the patterns were related and
differed by 1-7 fragments they were designated as subtypes and marked by letters a,
b, c... (Tenover et al. 1995).
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4.9 DETECTION AND IDENTIFICATION OF RENIBACTERIUM SALMONINARUM
(V, VI)
4.9.1  Cultivation
Samples of fish kidney were mostly used for culture, but in the experimentally infected
fish samples of heart tissue were also examined. Kidney tissue was homogenized in
peptone-saline 1:10 (w/v) and centrifuged 2200 x g at 4 °C. The pellet was suspended
1:1 in peptone-saline and spread on KDM2 and SKDM agar plates, both supplemented
with autoclaved spent culture broth of R. salmoninarum (Evelyn et al. 1990). Every
batch of plates was tested for adequate functioning and contaminants according to the
instructions of the quality system of the laboratory. To prevent drying of the plates they
were incubated in plastic bags at 16 + 1 °C for 12 wk and observed for growth weekly.
However, isolate 2 was isolated from a direct culture of the affected kidney tissue on a
KDM2 agar plate (study VI). Identification of R. salmoninarum was based on Gram
staining, the oxidase test (Spot test, Difco/BBL), the catalase test, FA staining, API
ZYM (bioMérieux) and negative or scanty growth on TSA agar. API ZYM test strips
were incubated at 16 + 1ºC for 18-24 h and the results were compared with those
described in the Diagnostic Manual for Aquatic Animal Diseases of World Organisation
for Animal Health (OIE 2000), combined with those obtained with R. salmoninarum
ATCC 33209 in our laboratory.
4.9.2  Stains
Acridine orange stain (AO) and indirect fluorescent antibody (FA) stain were used for
the examination of fish tissues and bacterial cultures for R. salmoninarum. For AO
stain the swab of tissue or bacterial culture was air-dried, fixed, covered with a 1%
acridine orange (Sigma) solution for 3 min and observed for orange-stained bacterial
cells under an epifluorescence micrsoscope. In FA staining the fixed smear of tissue or
bacterial cultures was covered with polyclonal rabbit anti-Renibacterium salmoninarum
serum, incubated in a moist chamber at 37 + 1 ºC for 30 min, rinsed with PBS and
covered with fluorescein isothiocyanate (FITC) conjugated swine anti-rabbit IgG (Nordic
Immunological Laboratories, the Netherlands). It was then incubated as above, rinsed
with and covered with phosphate-buffered glycerol and examined under an
epifluorescence micrsoscope. Dienes’ staining, developed for detecting mycoplasmal
colonies in agar culture, was performed as described by Quinn et al. (Quinn et al.
1994). Briefly, a block of agar containing colonies was placed, colony-side upwards,
on a microscope slide. A light film of Dienes’ stain was placed on a cover-slip, allowed
to dry and placed stain-side downwards on the agar block. The preparation was
examined for blue-stained colonies and bacteria under a light microscope at
magnifications of 100x and 1000x.
4.9.3  ELISA
The enzyme-linked immunosorbent assay (ELISA) for the detection of soluble
Renibacterium salmoninarum antigen in kidney tissue was performed as described
earlier (Gudmundsdóttir et al. 1993). The samples were tested in duplicate, and the
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OD values of the parallel samples were averaged. The positive control was a charcoal
supplemented KDM2 broth (Daly & Stevenson 1985a) culture supernatant of R.
salmoninarum ATCC 33209, prepared in the same way as the kidney samples. The
negative control was a pool of culture-negative kidney samples. The results were
expressed as an OD percentage calculated according to the following formula: ((ODsample
– ODnegative control) /(ODpositive control – ODnegative control)) x 100. The cut-off of 20.0 was used as
a positive-negative treshold value when examining kidney samples. The cut-off value
was based on a previous comparison of different tests for the detection of R.
salmoninarum infection in experimentally inected salmon, and was earlier chosen to
produce results with a high predictive value for the positive result.
4.9.4  Electron microscopy (EM)
For electron microscopy studies, bacteria from a 12 d KDM2 culture plate were scraped
onto grids, negative stained with 1% phosphotungstic acid (pH 6.8) and examined with
a JEOL JEM 100-S transmission electron microscope.
4.9.5  PCR (VI)
PCR was used for the detection of nucleic acid sequences specific to R. salmoninarum
in bacterial cultures and fish kidney. The bacterial population on an agar plate was
suspended in sterile water, centrifuged at 2200 x g at 4ºC and frozen to –70 ºC until
used for PCR. The fish kidney was dissected and homogenised into a uniform mass,
and about 200 mg was frozen to –70 ºC. DNA was extracted using a QIAamp DNA
Mini Kit (Qiagen) according to manufacturer’s instructions. DNA was eluted in 200 µl of
AE buffer and stored at -20 °C until used. PCR was performed according to Miriam et
al. (1977) with some minor modifications. DNA primer pairs were selected from the
gene sequence of the major p57 protein antigen (Miriam et al. 1997). The nucleotide
sequences of the primers used were: FL7 (positions 249 to 269) (5’-
CGCAGGAGGACCAGTTGCAG-3’), and RL5 (positions 621 to 601) (5’-
TCCGTTCCCGGTTTGTCTCC-3’). The primer set FL7-RL5 amplified a 372-bp segment
(nucleotides 249 to 621, inclusive). Amplification was performed in a 50 µl volume
containing 0.3 µM primers FL7 and RL5, 0.2 mM of each nucleotide triphosphate, 2.5
mM MgCl2, 1 U HotStar polymerase (Qiagen), 1000 copies of internal amplification
control and 100-200 ng DNA isolated from kidneys or 5 µl boiled bacterial growth in
water.
Two batches of the centrifuged spent culture broth of R. salmoninarum used as a
supplement in KDM2 and SKDM media were examined with PCR before autoclaving
(121ºC+ 2ºC 15 min) and after it.
4.10  DISINFECTION TRIAL (V)
To examine the effect of hypochlorite treatment on Renibacterium salmoninarum a
qualitative suspension test was used as described by Quinn (1987). R.  salmoninarum
ATCC 33209 was used as the test organism. The bacterial suspension was mixed into
sterile distilled-deionized water and autoclaved tank water containing 0, 10, 50, 100
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and 200 mgl-1 of free chlorine. After contact times of 5 min, 15 min, 30 min or 24 h each
mixture was subcultured onto KDM2 agar (Evelyn 1977) and into three KDM2 broth
tubes. Each broth culture was subcultured on KDM2 agar and SKDM agar (Austin et
al. 1983). The plates were monitored for bacterial growth for at least 5 weeks. Bacterial
colonies were subcultured and identified using colony morphology on KDM2 agar,
growth on TSA blood agar, Gram staining, the catalase test and oxidase test. The
incubation temperature for all steps in the trial was 15 ˚C.
4.11  SURVIVAL IN WATER (V)
Four isolates of Renibacterium salmoninarum (ATCC 33209 and 159, 213 and 516)
were inoculated into river water from the river Oulujoki or groundwater obtained from a
bored well in north-eastern Finland. Peptone-saline broth was used as a control. The
inoculations were made in duplicate (series 1 and 2). The incubation temperature was
16 ˚C (+ 1 ˚C) in all steps of the trial. The test tubes for series 1 were subcultured
weekly on KDM2 agar, and the plates were followed for up to 4 or 5 weeks for bacterial
growth, which was confirmed by the typical appearance of colonies on KDM2 agar,
Gram staining and in some cases also with fluorescent antibody staining and API ZYM
test strips (bioMérieux, France). To test the reproducibility of the culture method, the
river water and groundwater tubes of isolate 516 were subcultured after 14 weeks of
incubation onto 10 parallel KDM2 agar plates. After 14 weeks all test tubes of series 1
were centrifuged and the sediment was spread on two KDM2 agar plates, which were
incubated and examined as above.
After 20 weeks of incubation, the test tubes of series 2 were centrifuged and the sediment
was examined using Gram staining, hanging drop preparation, and culture on KDM2
agar. The hanging drop preparations were examined for bacteria and the degree of
aggregation by phase contrast microscopy (Dialux 22, Leitz Wetzlar, Germany), and
the KDM2 cultures were examined for bacterial growth as above.
4.12 CONVERSION OF RENIBACTERIUM SALMONINARUM FROM ATYPICAL
GROWTH FORM TO CONVENTIONAL COLONIES (VI)
Trial 1: The growth of a KDM2 agar culture of Isolate 2 was inoculated into peptone-
saline broth and KDM2 broth. The broths were cultured weekly on KDM2 agar 12
times. The subcultures were observed for growth over 4 weeks. Gram staining, FA
staining and AO staining were used to examine the growth. Trial 2: Isolate 2 was
cultured twice with 1-2 wk intervals on KDM2 agar plates including 2% NaCl. The
bacterial population of a 4-week culture was suspended in PBS and inoculated on
KDM2 agar plates. The agar plates were observed for growth over 4 weeks. The
incubation temperature was 16 + 1 °C in all trials.
4.13  EXPERIMENTAL INFECTION (VI)
Experimental infection was performed to test the pathogenity of the atypical growth of
Renibacterium salmoninarum isolated from a clinically healthy rainbow trout (Isolate
2). A total of 92 female rainbow trout, aged 0+, weighing on average 107 g, were
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obtained from a freshwater fish farm that had had no history of BKD for over ten years.
The fish were divided between 5 tanks. The water temperature was gradually elevated
to 12 ºC during the acclimatization period of 7 d and kept at this level throughout the 9-
week experiment. The fish were anesthetized using a benzocain bath (40 mg/l) and
injected intraperitoneally with bacterial suspensions of R. salmoninarum, 36 fish with
each isolate. Isolate 1 (smooth colony form) was used for tanks 1 and 2, and Isolate 2
(atypical growth) for tanks 3 and 4. Control fish in tank 5 were injected with PBS. Dead
fish and those showing signs of BKD were collected daily. After 4 weeks all fish in tank
1 and 8 fish from tanks 2, 3 and 4 were euthanised. The challenge was repeated for
tanks 3 and 4. Nine weeks after the first inoculation all fish were killed. All the fish
collected were examined for macroscopic lesions at autopsy. Tissue samples were
taken for histology. The kidney was dissected and homogenised to an uniform mass
using a culture loop and mixer. Samples of the kidney mass were taken for PCR
detection of bacterial DNA, ELISA, culture and histology, and swabs were prepared for
FA staining, AO staining and Gram staining.
60
FISH PATHOGENS AEROMONAS SALMONICIDA AND RENIBACTERIUM SALMONINARUM: DIAGNOSTIC AND EPIDEMIOLOGICAL ASPECTS
5  RESULTS
5.1  BIOCHEMICAL CHARACTERISTICS OF FINNISH AEROMONAS SALMONICIDA
STRAINS (I, II, III)
Biochemical characterization showed that both the Finnish and foreign Aeromonas
salmonicida subsp. salmonicida strains formed a very homogeneous group (I, II).
Variable reactions between the strains were observed only when testing acid production
from trehalose and mannose. All typical isolates produced brown diffusible pigment on
both trypticase soy agar and furunculosis agar, except a few Finnish strains, which
produced pigment at temperatures of 4 ºC and 15 ºC, but not at 22 ºC.
Atypical Aeromonas salmonicida strains formed a very heterogeneous group, and no
distinct subgroups could be found using the biochemical profiles (I). According to
biochemical characteristics the Finnish isolates did not belong to any of the A.
salmonicida subspecies described earlier, i.e. subsp. achromogenes, subsp. masoucida,
subsp. nova or subsp. smithia (I). Detection of pigment production in atypical A.
salmonicida strains was highly dependent on the culture medium used. Furunculosis
agar containing 0.1% L-tyrosine was more sensitive for the detection of the pigment
than TSA or BHI medium (I, III). An incubation time of 7 days was necessary to detect
all pigment producers. The type strain Aeromonas salmonicida subsp. achromogenes
produced pigment on furunculosis agar and TSA agar, but not on nutrient agar (III).
All A. salmonicida isolates were sensitive to oxolinic acid, trimethoprim-sulpha,
chloramphenicol and nitrofurantoin (I, Table 4). Resistance to oxytetracycline occurred
among A. salmonicida subsp. salmonicida, and resistance to sulphonamides was found
among both typical and atypical isolates.
5.2  DIFFERENTIATING BETWEEN TYPICAL  AND ATYPICAL  AEROMONAS
SALMO-NICIDA (I, II, III, IV)
The Finnish Aeromonas salmonicida subsp. salmonicida strains differed from the
atypical A. salmonicida strains in 9 biochemical tests (Table 10; I, Table 1 and 2). There
were slight differences between the results obtained using API 50 CHE test strips and
the conventional test media in the following tests: acid production from salicin and
arbutin and hydrolysis of aesculin (Table 10). All A. salmonicida subsp. salmonicida
strains were sensitive to ampicillin and cephalothin. Of the atypical strains, most of the
achromogenic isolates were sensitive to both antibiotics, while most of the pigment-
producing atypical strains were resistant, 97% to ampicillin and 94% to cephalothin
(III).
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Table 10.  Differentiation of Aeromonas salmonicida subsp. salmonicida and Finnish
atypical Aeromonas salmonicida strains using biochemical characteristics (I).
Characteristics Substrate Test medium    Aeromonas Atypical
     salmonicida Aeromonas
     subsp. salmonicida
     salmonicida
Haemolysis      +*** -
Hydrolysis of
Tween 80      + -
Production of gas
from glucose and
maltose      + -
Production of acid Sucrose Conventional      - +
from medium*
API 50 CHE**    - +
α-methyl-D-
glucoside API 50 CHE      + -
L-arabinose API 50 CHE      + -
Salicin Conventional      +/- -
medium
API 50 CHE      + -
Arbutin Conventional      + -
medium
API 50 CHE      +/(-) -
Hydrolysis of Conventional      + -/(+)
esculin medium
API 50 CHE      + -
*The number of typical and atypical strains 71 and 34, respectively
**The number of typical and atypical strains 47 and 30, respectively
***+: all strains positive; -: all strains negative; +/-: variable reactions; +/(-): most strains positive with few exceptions;
-/(+): most strains negative with few exceptions
Ribotyping and plasmid profile analysis distinguished typical and atypical A. salmonicida
isolates from each other (II, III). Similar to the biochemical profiling, A. salmonicida
subsp. salmonicida strains formed a very homogeneous group, while the atypical
isolates could be divided into several subgroups using ribotyping and PFGE pattern
analysis (III, IV). Digestion with PstI differentiated A. salmonicida subsp. salmonicida
from isolates of atypical A. salmonicida. All atypical strains, including two oxidase-
negative isolates, had identical banding patterns in the molecular weight area of less
than about 4 kb, while A. salmonicida subsp. salmonicida did not have fragments in
this area (III, Fig. 3). In cluster analysis of combined ClaI/PstI ribopatterns the pattern
type of A. salmonicida subsp. salmonicida formed its own cluster, differing from the
clusters of the atypical strains (III). In plasmid profile analysis most typical strains had
three small plasmids of 5.2, 5.4 and 5.6 kb, while atypical strains had one or more
small plasmids of 4.9, 5.0 and 8.0 kb (II, III). Most of the achromogenic atypical isolates
lacked the small plasmids (III). In PFGE, A. salmonicida subsp. salmonicida NCMB
1102 produced a unique genotype (IV, Table 2).
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5.3  PHENOTYPIC AND MOLECULAR CHARACTERIZATION OF ATYPICAL AERO-
MONAS SALMONICIDA (I, III, IV)
Most of the strains of the Nordic collection of atypical A. salmonicida (18/23, 78%)
showed biochemical properties similar to those of the Finnish isolates presented in
Table 10. However, the atypical strains of the Nordic collection also had more diversity
in their biochemical profiles than the strains collected from Finland. Aesculin was
hydrolyzed and acid produced from salicine by 4 strains (17%), acid was produced
from arbutin by 3 strains (13%), and gas was produced from glucose by 2 isolates
(9%). Haemolysis was occasionally observed in achromogenic strains. All atypical
strains produced acid from sucrose, except the two oxidase-negative achromogenic
strains isolated from turbot (Denmark) and flounder (Finland), which were negative in
the tube test. However, one of them fermented sucrose in API 50 CHE. None of the
atypical isolates among the Finnish strains or the Nordic collection fermented α-methyl-
D-glucoside in API 50 CHE test strips.
In ribotyping, ClaI produced 12 different patterns and PstI produced 9 patterns among
the 53 atypical A. salmonicida strains. When ribopatterns produced by ClaI and PstI
were combined, 16 different restriction patterns were found (III). In cluster analysis
using the combined ribopatterns the atypical isolates could be divided into 4 clusters
(III, Fig. 4). PFGE pattern analysis produced 32 genotypes among 88 atypical strains,
and the distribution of the PFGE patterns supported the ribotyping results (IV). PFGE
typing subdivided all ribotypes that included more than one isolate, and in most cases
PFGE patterns within a ribotype were more closely related to each other than to the
patterns within any other ribotype (IV). The ribotyping and PFGE results of 50 atypical
isolates arranged according to the results of the cluster analysis are presented in Table
11, where the combined XbaI/SpeI PFGE patterns are designated as genotypes.
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Table 11. The division of 51 atypical A. salmonicida strains into 4 clusters based on
combined ClaI/PstI ribopatterns and association of the clusters with geographical ori-
gin, fish species, oxidase reaction and pigment production (III).
Ribopattern Country Fish PFGE     Pigment  Oxidase
(number of species geno-     production  reaction
isolates) type
Cluster 1 B/B (13) Finland Brown trout1 7a     +  +
Sea trout2 7a     +  +
Whitefish3 7a     +  +
Pike4 7c     +  +
Sweden Brown trout5 8a     +  +
Cluster 2 F/S (1) Norway Atlantic
salmon6 6     -  +
U2/S (1) Sweden Atlantic
salmon 12     -  +
Cluster 3 U/U (8) Finland Brown trout1 23     -  +
Grayling7 24, 25     -  +
Sea trout 26     -  +
Arctic char8 26     -  +
Rainbow trout9 26, 28     -  +
Whitefish 27     -  +
Cluster 4, Vx/Q (1) Denmark Turbot10 Not done  -  -
Subcluster 1 TH/Q (1) Finland Flounder11 9     -  -
T/T (1) Denmark Eel 12 10     -  +
H/T (1) Sweden Arctic char 13     -  +
H/H (4) Finland Arctic char 29a     -  +
Dace13 29c     -  +
Grayling 29b, d     -  +
Cluster 4, G2/T (1) Denmark Sand-eel14 Not done  +  +
Subcluster 2 G/T (7) Norway Atlantic
salmon 1a, 4     +  +
Iceland Atlantic
salmon 1b     +  +
Arctic char 1b     +  +
Brown trout5 1c     +  +
Haddock15 1d     +  +
Cod16 3     +  +
G/G (5) Denmark Atlantic
salmon 11     +  +
Finland Brown trout1 14a     +  +
Arctic char 14a     +  +
F/F (6) Finland Sea trout 15, 16     +  +
Brown trout1 17, 18,
20, 22     +  +
Arctic char 19 a, b,
21a, b, c   +  +
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1 Salmo trutta m. lacustris (L.); 2 Salmo trutta m. trutta (L.); 3 Coregonus spp.; 4 Esox
lucius L.; 5 Salmo trutta m. fario (L); 6 Salmo salar L.;  7 Thymallus thymallus (L.); 8
Salvelinus alpinus (L); 9 Oncorhynchus mykiss (Walbaum);; 10 Psetta maxima (L.); 11
Platichthys flesus (L.); 12 Anguilla anguilla (L.); 13 Leuciscus leuciscus L.; 14
Ammodytes lanceolatus (Le Sauv.); 15 Melanogrammus aeglefinus (L.); 16 Gadus
morhua L.
In ribopattern cluster analysis the achromogenic and pigment-producing strains of
atypical A. salmonicida were located in different clusters/subclusters (Table 11). Cluster
1 and cluster 4, subcluster 2 contained only pigment-producing strains, while clusters
2, 3 and 4, subcluster 1 included achromogenic strains (Table 11; III, Fig. 4). The two
oxidase-negative strains in cluster 4, subcluster 1, isolated from turbot (Denmark) and
flounder (Finland) were closely related. The type strain A. salmonicida subsp.
achromogenes (NCMB 1110) had an identical ribopattern (G/T) to most of the ten
isolates from Iceland and Norway (III, IV).
Plasmid profile analysis showed that most of the pigment-producing atypical isolates
had one or more of the small plasmids of 4.9, 5.0 and 8.0 kb, which were always
lacking from the achromogenic strains. However, great diversity was seen in plasmid
profiles, and among 51 atypical A. salmonicida isolates tested 32 plasmid profile types
were found (III).
5.4 MOLECULAR CHARACTERISTICS AND MOLECULAR EPIDEMIOLOGY OF
AEROMONAS SALMONICIDA (II, III, IV)
All Finnish A. salmonicida subsp. salmonicida isolates produced identical ribopatterns
with the four restriction enzymes, SmaI, BglI, PstI and ClaI (II, Table 1). One of the
Swedish strains isolated from the Bothian Bay had identical ribopatterns to the Finnish
strains (II, Table 2). When ribopattern types produced by the four enzymes were
combined, the Finnish isolates and one Swedish strain formed one type, while all
other 7 strains isolated from Denmark, Norway, Sweden and Canada formed distinct,
unique types (II, Table 2). However, the differences between the different types were
small: either one band was lacking or a band was located in a different position.
SDS-PAGE protein profiles of the Finnish A. salmonicida subsp. salmonicida isolates
were very similar. Small differences between the isolates were observed in the molecular
weight area of about 25 kDa, where six strains lacked a small band (II).
Combination of the RAPD pattern results produced by two primers distinguished 15
different types among the 28 Finnish A. salmonicida subsp. salmonicida isolates, eight
of the strains forming unique types (II, Table 1) and the rest of the strains clustering
into groups of two or three isolates. No predominant type was found. No geographical
or fish species associated types were found. The strains from Denmark, Norway, Swe-
den and Canada had six different RAPD patterns. Two Danish strains and one Finnish
strain had the same RAPD type.
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All Finnish A. salmonicida subsp. salmonicida isolates had at least one large plasmid
of 90 or 100 kb. Most strains had three small plasmids of 5.2, 5.4 and 5.6 kb. Eight
different plasmid profile types were detected among the 28 isolates: A (13 strains), B
(5 strains), C (3 strains), D (1 strain), F (1 strain), G (2 strains), H (2 strains) and I (1
strain).
The pigment-producing strains of ribopatterns B/B and F/F predominated among the
atypical Aeromonas salmonicida strains isolated from Finland (17/22, 77%). All the
Finnish strains within ribotype B/B had closely related PFGE banding patterns, differing
by 1-4 fragments, and 4 subtypes were found (Table 11; VI, Table I). Atypical A.
salmonicida of ribotype B/B occurred also in Sweden. PFGE pattern analysis
distinguished the two Swedish strains from the Finnish strains of ribotype B/B (Table
11; VI, Table 2). The PFGE patterns among the Finnish atypical strains within the
ribotype F/F were heterogeneous (Table 11, IV).
The ribotype H/H included 13 Finnish atypical A. salmonicida strains isolated from
grayling or arctic char from 2 farms, and one strain from a wild dace (III, IV). These
achromogenic strains had the PFGE genotype 29, which was divided into four subtypes.
The Swedish isolate from arctic char (ribotype H/T) belonged to the same subcluster
as the Finnish strains of ribotype H/H (Cluster 4, subcluster 1), but had a different
PFGE pattern (13) (Table 11). The subcluster 1 also included a strain from eel (Denmark)
and two oxidase-negative achromogenic strains isolated from turbot (Denmark) and
flounder (Finland), each of them having a unique ribotype (Table 11).
Achromogenic strains of ribotype U/U formed one cluster (Table 11; III, Fig. 4). They
were isolated from Finland from several fish species, including arctic char, and contained
6 different PFGE patterns (Table 11). Two achromogenic strains isolated from Atlantic
salmon in Norway and Sweden formed one cluster but had unique ribotypes (Table
11).
All five pigment-producing atypical A. salmonicida strains from Iceland had the same
ribotype G/T, and had two PFGE genotypes, 1 and 3. Four Finnish strains, isolated
from a farm situated in the Barents Sea water catchment area, and one strain from
Denmark, the Faeroe Islands, belonged to the same ribotype (G/G). However, they
had different PFGE patterns, namely 14a and 11, respectively (Table 11).
Examination of atypical A. salmonicida isolates from the same farm during a period of
4 to 7 years showed that the same ribotype persisted at the farm over the years (Table
12). In PFGE patterns there was more diversity during the years, especially within the
ribotype F/F.
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Table 12. Ribopatterns (ClaI/PstI) and PFGE genotypes of atypical Aeromonas salmo-
nicida strains isolated from 5 farms over periods of 4 to 7 years (IV, Table 1).
Farm Length of Number of   Ribopattern PFGE genotype
the period isolates
(years)
T 7 11   G/G 14a
1   B/B 7a
1   not done 32
N 7 6   F/F 15, 16, 21a, b, c
P 6 4   F/F 19a, b, 22
B 5 10   H/H 29a, d
C 4 10   B/B 7a
2   U/U 25
5.5  EFFECT OF HYPOCHLORITE DISINFECTION ON RENIBACTERIUM SALMO-
NINARUM (V)
All subcultures spread directly from the test mixtures onto KDM2 agar plates were
negative, regardless of the concentration of free chlorine and the contact time. After
enrichment culture in KDM2 broth, occasional growth of Renibacterium salmoninarum
was detected in nearly all concentrations of free chlorine, indicating that small numbers
of bacteria were still viable and able to recover to a culturable state after the disinfection
process (V, Table 1). The white or creamy, smooth, round, raised, entire colonies were
confirmed as R. salmoninarum if they were catalase-positive, oxidase-negative, inable
to grow on TSA and small Gram-positive rods (0.5-1 µm) were seen in Gram staining.
Several colonies (1-6) were subcultured and examined from every plate showing
bacterial growth.
The bactericidal effect of chlorine was weaker in the tank water than in the distilled,
deionized water. Of the total of 96 KDM2 broth cultures, 21 (22%) were positive for
Renibacterium salmoninarum in subculture on either KDM2 or SKDM agar plates,
representing 13% of those containing distilled water (6/48) and 31% of those with tank
water (15/48). Of the total of 23 positive agar plates, 6 (26%) were subcultured from
distilled water and 17 (74%) from tank water. The proportion of positive KDM2 broths
in the tank water was approximately the same, regardless of the concentration of free
chlorine, varying between 4 and 10% (2-5/48) per concentration. The number of R.
salmoninarum colonies per agar plate was low, ranging between 1 and 20 and being
1-4 CFU in most of the subcultures, except for one with 50 colonies on both KDM2 and
SKDM agar (V, Table 1).
The control cultures containing the bacterial suspension in distilled water or tank water
had a semiconfluent growth of R. salmoninarum on KDM2 agar plates in all the
subcultures performed either directly on KDM2 agar or after previous incubation in
KDM2 broth. The growth of R. salmoninarum in the control cultures was detectable
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after 10 d of incubation, while after the disinfection process it was delayed and in most
cases was not detectable until 21 d of incubation, or not until after 5 wks incubation.
5.6  SURVIVAL OF RENIBACTERIUM SALMONINARUM IN THE AQUATIC ENVIRON-
MENT (V)
The number of colonies in subcultures performed from both river water and groundwater
remained at the same level for the first two weeks and then decreased ten-fold during
the third week. After 4 weeks of incubation all the subcultures were negative, but from
6 weeks onwards there was good growth in the subcultures of ATCC 33209 in river
water and occasionally also a slight growth in subcultures of isolate 516. Slight growth
was also detected in groundwater, for isolate 159 after 5 weeks, for ATCC 33209 after
6 weeks and for isolate 516 after 9 weeks (V, Table 2). There were still viable cells of R.
salmoninarum in the centrifuged sediments of both ground water (ATCC 33209 and
isolate 516) and river water (isolates 213 and 516) after 14 weeks of incubation (V,
Table 3).
All the subcultures were shown to be pure cultures of white or creamy, smooth, round,
raised, entire colonies similar to Renibacterium salmoninarum. Gram-positive rods
(0.5-1 µm) forming clusters, pairs and short rows were observed in the Gram staining.
All the FA smears were positive for R. salmoninarum. API ZYM tests were performed
on five subcultures with results consistent with those for R.  salmoninarum.
In series 2, examined after a storage period of 20 weeks, viable cells of R. salmoninarum
were still detected in all samples representing river water subcultures (V, Table 3). The
colony counts were 1740 CFU/ml for isolate 516, 10 CFU/ml for isolate 159, 40 CFU/
ml for isolate 213 and >2000 CFU/ml for ATCC 33209. There was no detectable growth
in the groundwater subcultures except for ATCC 33209, but microscopically the bacterial
cells appeared to be structurally intact and apparently viable.
5.7  ATYPICAL GROWTH OF RENIBACTERIUM  SALMONINARUM (VI)
An atypical growth of Renibacterium salmoninarum (VI, Isolate 2) was isolated as a
direct culture from the kidney lesions of a rainbow trout. Atypical growth was observed
only on KDM2 agar, while SKDM, TSA and Shotts-Waltman agar cultures were negative.
After 3 weeks of incubation the growth on KDM2 agar was a thin layer of bacterial
growth with no visible colonies. The growth was difficult to remove from the agar surface,
and it had a granular appearance when suspended in water or KDM2 broth.
Stereomicroscopy of the agar plates showed an abundance of hexagonal crystals. In
agar preparates stained with Dienes’ stain and observed by light microscopy at a
magnification of 100x and 1000x, crystals and blue-stained bacterial colonies and
smaller aggregates of various shapes and sizes were seen, the diameter being 20 to
350 µm. FA staining was positive for R. salmoninarum, and in Gram staining aggregating
small Gram-positive rods were detected. Catalase and oxidase reactions were negative.
PCR of the culture was also positive for R. salmoninarum. In API ZYM the bacteria
were positive in alkaline phosphatase, esterase C4, esterase lipase C8, leucine
arylamidase and naphtol-AS-BI-phosphohydrolase tests. In electron microscopy the
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bacterial cells of atypical growth were longer and more slender than those of the smooth
colony form of R. salmoninarum. For atypical growth the width of the cells was 0.30 -
0.45 µm and the average length was 1.5 µm (range 0.67-3.25 µm), the filaments being
up to 6 µm long. For the smooth colony form the shape of the cells was ellipsoid, the
width being mostly >0.45 µm and the length 0.8-1.8 µm. The bacteria in the atypical
growth passed through a 0.45 µm filter, while the bacterial suspension of the smooth
colony form showed no growth on KDM2 agar after filtration.
The atypical form of R. salmoninarum (VI, Isolate 2) produced smooth colonies after
incubation in KDM2 broth, but in peptone-saline broth the reversion did not occur (Trial
1). The atypical growth (Isolate 2) also converted to a smooth colony form after culturing
on KDM2 agar plates incorporated with 2% NaCl (Trial 2).
In experimental infection there was no mortality due to BKD in fish challenged with
atypical growth. At autopsy no specific signs referring to BKD were observed, except
mild peritonitis and a pale liver in some fish. ELISA tests on the kidney samples were
negative. Most of the fish (33/36) were negative in culture. Renibacterium salmoninarum
growing as smooth colonies was isolated from 3 fish (8%, 3/36). The isolations were
confirmed as R. salmoninarum using Gram staining, the oxidase test, catalase test,
growth on TSA and FA staining.
The spent broths of R. salmoninarum used as a supplement in KDM2 and SKDM
media gave a weak positive reaction in PCR before autoclaving, but after autoclaving
the results for both batches of the broths were negative.
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6  DISCUSSION
6.1  AEROMONAS SALMONICIDA
The combination of our results from ribotyping, plasmid profiling and PFGE suggests
that the species A. salmonicida can be divided into two subgroups, one including A.
salmonicida subsp. salmonicida and the other the heterogeneous group of atypical A.
salmonicida. These results are in concordance with the results from MLEE on the
existence of two population subgroups of A. salmonicida (Boyd et al. 1994). Bernoth
identified the causative agent of furunculosis as A. salmonicida, and concluded that
every further approach into differentiating among subspecies should be treated
cautiously (Bernoth 1997a, Bernoth 1997b). Nevertheless, our studies using a wide
variety of phenotypic and molecular methods suggest that typical and atypical A.
salmonicida isolates can be differentiated from each other (I, II, III, IV). The key
characteristics in the biochemical differentiation were acid production from sucrose,
fermentation of α-methyl-D-glucoside and hydrolysis of Tween 80, but the combined
use of a set of tests is strongly recommended (Table 10). Ribotyping, PFGE pattern
and plasmid profile analysis also distinguished the two groups. The use of molecular
methods was in some cases essential for the correct identification of some of the
atypical strains, e.g. the oxidase-negative sucrose-positive strain. Reports of the clinical
features predominating in furunculosis and infections caused by atypical isolates also
suggest the differentiation into separate diseases. Clinical furunculosis caused by A.
salmonicida subsp. salmonicida is a septicemic disease manifesting itself as a peracute,
subacute or chronic form, the diseased fish usually having furuncles in subacute and
chronic forms of the disease (McCarthy & Roberts 1980). In disease outbreaks caused
by atypical A. salmonicida in wild non-salmonid fish the infection may manifest itself as
skin ulceration and skin lesions (Wiklund & Dalsgaard 1998) but also as a septicemic
infection (Magnadóttir et al. 2002). In farmed salmonid fish the infection is septicemic,
but still the main clinical features are skin ulcers and lesions (Ojala 1966, Wichardt et
al. 1989), sometimes surrounded by necrotic muscle and small furuncles in the
musculature (Paterson et al. 1980a, Rintamäki & Valtonen 1991, Groman et al. 1992,
Pylkkö 2004).
The Finnish A. salmonicida subsp. salmonicida isolates formed a very homogeneous
group using the biochemical profiles or ribotyping (I, II). Four of the 71 strains did not
produce brown pigment at 21 ºC, but the pigment was detected when lower incubation
temperatures were used (I). Achromogenic, virulent A. salmonicida subsp. salmonicida
isolates have been reported in Norway (Koppang et al. 2000). One A. salmonicida
subsp. salmonicida isolate from Sweden from a fish farm located by the Bothnian Bay
had identical ribopattern types with the Finnish isolates, suggesting a common origin
or possibly the route of infection from Sweden to fish farms in Northern Finland, where
the furunculosis was detected for the first time in 1986. The ribotype of the other Swedish
strain isolated from the Nordic Sea was identical to one of the Danish strains. The
other foreign isolates had unique ribotypes, indicating that ribotyping using restriction
enzymes SmaI, BglI, PstI and ClaI could be useful for epidemiological studies of
furunculosis. Ribotyping was evaluated to be a method of limited value for
epidemiological investigations of furunculosis by Nielsen et al. (1994), who studied
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isolates from different countries, using three restriction enzymes, EcoRI, HindIII and
SmaI. However, they found possible links between the strains from Scotland and
Norway, and Norway and North America (Nielsen et al. 1994c).
RAPD did not seem to be useful for epidemiological studies of furunculosis in Finland.
The RAPD patterns produced were generally homogeneous and only few polymorphic
loci were observed. Combination of the results obtained by the two primers produced
15 different types among the 28 Finnish isolates, showing no association with the
geographical area or fish species. Two Danish strains and one Finnish isolate had
identical RAPD patterns. RAPD has successfully been used by O’hlci et al. (2000) to
divide A. salmonicida subsp. salmonicida into two clusters, one containing North
American strains and the second northern European strains (O’hIci et al. 2000). Plasmid
profile analysis produced eight different profile types among the Finnish isolates. Niel-
sen et al. (1993) regarded plasmid profiling in general as a method of limited value as
an epidemiological marker of A. salmonicida subsp. salmonicida, but possibly a useful
tool for epidemiological studies in certain geographical areas (Nielsen et al. 1993).
The usefulnes of this method for studing the epidemiology of furunculosis in Finland
could be examined further using a larger number of strains and several isolates from
each farm. However, the instability of the plasmid profiles between different testings
may compromise the use of this method (Sörum et al. 1993).
The atypical A. salmonicida strains formed a very heterogeneous group when tested
for their biochemical characters (I, II). Phenotypically, the Finnish atypical A. salmonicida
isolates could not be identified as any of the previously suggested subspieces, A.
salmonicida subsp. achromogenes, subsp. masoucida, subsp. smithia or subsp. nova
(Popoff 1984, Austin et al. 1989, McCarthy & Roberts 1980, Holt et al. 2000). When
the biochemical profiles of atypical isolates are considered (I, III), it is easy to agree
with the statement of Bernoth (1977) that every further approach into differentiating
among subspecies should be treated cautiously (Bernoth 1997b). In addition to the
true heterogeneity among the biochemical properties of atypical isolates, variation in
test results may partly be due to differences between different laboratories in the
methods and media used for biochemical tests (Dalsgaard et al. 1998). In the present
study, subgrouping of the atypical isolates was possible only by using the molecular
methods, ribotyping and PFGE (III, IV). Production of brown pigment was the only
biochemical test that was in concordance with the subgroups of atypical strains obtained
by cluster analysis of the ribotyping patterns (III). Achromogenic strains also lacked
the small plasmids (4.9, 5.0 and 8.0 kb), which were in most cases present in the
pigment producing strains (III). We found that the medium used as well as incubation
time and temperature effect the pigment production among atypical isolates (III). A
medium containing 0.1% tyrosine and incubation at 20-22 ºC for 7 days is recommended
to be used for the detection of pigment producers among atypical isolates. The type
strain of A. salmonicida subsp. achromogenes also produced brown pigment on TSA,
BHI and furunculosis agars when the recommended test conditions were used (III).
There is a discrepancy between the present name and the properties of the type strain
A. salmonicida subsp. achromogenes (NCMB 1110; ATCC 33659).
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Achromogenic atypical strains isolated from Finland had two ribotypes: H/H and U/U,
and one strain representing a unique ribotype isolated from flounder (Table 11). Ribotype
H/H, PFGE genotype 29 was isolated only from two fish species, grayling and arctic
char (Table 11). Achromogenic strains of ribotype U/U were also isolated from these
fish species (Table 11). At one farm (IV, Table 1, farm C), pigment-producing ribotype
B/B, PFGE genotype 7 occurred in other fish species, while achromogenic ribotype U/
U was found only in grayling. On the other hand, ribotype U/U was also isolated from
several other fish species (Table 11). Our results indicate that there is an association
between the ribotypes H/H and U/U and the fish species grayling and arctic char. This
finding is supported by the studies of Pylkkö (2004), who reported that farmed arctic
char and grayling are exceptionally susceptible to infections caused by achromogenic
atypical strains, and the same genotypes persisted at the same farm over years in
these fish species (Pylkkö 2004). However, arctic char can also be infected with the
other ribotypes, including achromogenic (ribotype H/T) and pigment-producing strains
(ribotypes G/T, G/G, F/F) (Table 11), which have not been isolated from grayling (Table
11). The material for the studies was mainly collected from fish farms, where several
fish species are usually grown at the same facilities and the fish live at higher densities
than in the natural environment. The infection pressure is higher under the conditions
of the fish farm than in nature, and this may have an effect on the occurrence of the
disease in different fish species. Examination of disease outbreaks or the frequency of
carrier fish in wild fish populations might produce a different distribution of subgroups
of atypical A. salmonicida isolates between fish species.
In other studies a high degree of diversity among atypical isolates has been reported
when ribotyping or PFGE pattern analysis has been used. An association between
host species and characteristics of the atypical strains has been reported by several
authors (Umelo & Trust 1998, O’hIci et al. 2000, Yamada et al. 2000, Lund et al. 2002b).
However, no association between pigment production and molecular characteristics of
the atypical strains has been reported earlier. In some studies pigment production has
not been examined (Pedersen et al. 1996, Kwon et al. 1997, O’hIci et al. 2000, Lund et
al. 2002b), or pigment production has been tested using a less sensitive medium (Austin
et al. 1998). Pedersen et al. (1996) used restriction enzymes HindIII, EcoRI, PstI and
SmaI for ribotyping, and found 15 different ribotypes among 38 isolates, Austin et al.
(1998) detected 30 ribotypes among 52 isolates using HindIII, EcoRI and PstI. However,
the ribopattern produced by ClaI was not examined in those studies. O’hlci et al. (2000)
examined atypical strains with PFGE using the same enzymes for the digestion as in
our studies, XbaI and SpeI. In addition to the general heterogeneity among the atypical
isolates they also found hints of clustering of strains correlating with the fish host and
geographical location among isolates from Atlantic salmon in Scotland and among
isolates from eel in Canada. Kwon et al. (1997) detected an association between
molecular and phenotypic characteristics of atypical strains and the host species. Aus-
tin et al. (1998) also recorded some evidence of host specificity in pathogenity tests of
atypical strains with Atlantic salmon, rainbow trout and turbot. Lund et al. (2002) reported
six AFLP clusters among the atypical isolates, one of them containing all isolates from
cod and wolffish, the latter appearing to be a very homogeneous group. One of the
clusters contained only two Finnish strains from char and grayling.
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In our studies, ribotyping using a combinaton of patterns produced by restriction
enzymes ClaI and PstI and PFGE pattern analysis proved to be suitable methods for
studying the epidemiology of atypical infections, and possibly also for producing data
for developing vaccines against infections caused by atypical strains. All five atypical
A. salmonicida isolates from Iceland were of the same ribotype G/T, also suggesting a
geographical association of a homogeneous type (III). Three Norwegian isolates from
Atlantic salmon had the same ribotype as the Icelandic strains, suggesting a common
origin of infections (III). The same ribotype (G/G) was found at one Finnish farm located
in the Barents Sea water catchment area and in Atlantic salmon in the Faeroe Islands,
possibly indicating ancient contacts between the wild fish populations (III). The same
ribotypes persisted at some of the farms over the years (Table 12; IV). The PFGE
patterns were more diverse, especially within the ribotype F/F.
6.2  RENIBACTERIUM SALMONINARUM
The results of the disinfection trial (V) showed that a small number of Renibacterium
salmoninarum cells in KDM2 broth remained viable after treatment with hypochlorite,
even at a concentration of 200 mg/l of free chlorine, which is recommended for the
eradication of infectious microorganisms at fish farms by the World Organisation for
Animal Health (OIE 2002). The same phenomenon was noticed by Evelyn et al. (1984,
1986b) when they studied the effect of iodine treatment on R. salmoninarum located
either on the surface or inside the eggs. They found in two separate trials that even
though most of the eggs with a heavy bacterial load on the egg surface were completely
free of the surface-located pathogen after treatment with iodine, there were still viable
R. salmoninarum cells on the surface of some eggs. Similarly to our study, they also
used incubation of eggs in KDM2 broth to examine the presence of viable R.
salmoninarum. The survival was speculated to be due to autoaggregation of R.
salmoninarum, with cells present within the aggregates presumably not encountering
iodine. Pascho & Ongerth (2000) also found a tailing-off effect in the survival curves
for R. salmoninarum during chlorine exposure, which they attributed to the formation
of bacterial aggregates protecting the bacteria from contact with chlorine (Pascho &
Ongerth 2000). Autoaggregation was the most probable reason for the survival of R.
salmoninarum in the disinfection trial and also for survival for extended periods in river
water, where a tailing-off of the bacterial growth was also demonstrated (V). The delayed
growth of the pathogen compared to the growth of untreated control cultures in the
disinfection trial may be due to either nonlethal injury of the cells or a small number of
viable bacteria in the inoculation. The results of the disinfection trial indicate that the
numbers of R. salmoninarum cells can effectively be reduced by treatment with
hypochlorite, but disinfection does not guarantee the absence of the pathogen.
Our results showed that R. salmoninarum may survive in water longer than has
previously been reported. In earlier experiments the longest survival times have been
28 days in river water (Austin & Rayment 1985) and 14 days in seawater (Evelyn
1988, Balfry et al. 1996). The capacity of R. salmoninarum to survive in river water for
at least 20 weeks offers a possible explanation for the horizontal transmission of the
disease between fish populations through water.
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The presence of R. salmoninarum in overt systemic infections can easily be detected
by any of the techniques used for diagnosing the pathogen, but detection is more
difficult in covert infections. Several authors have reported that, even though the
presence of R. salmoninarum in kidney tissue is demonstrable by FA, ELISA or PCR,
for example, efforts to isolate the bacterium by a culture method can be unsuccessful
(Mitchum et al. 1979; Paterson et al. 1979; Evelyn et al. 1981; Pascho & Mulcahy
1987; Griffiths et al. 1991; Sakai & Kobayashi 1992; Gudmundsdóttir et al. 1993; Jans-
son et al. 1996; Miriam et al. 1997; Cvitanich 2004b). The reasons suggested for this
failure have been damage inflicted on the bacteria by the host defence mechanisms
(Cvitanich 2004), persistence of dead or inactive bacterial cells (Griffiths et al. 1991),
overgrowth by other microbes on the culture plates (Mitchum et al. 1979;
Gudmundsdóttir et al. 1993), inadequate culture technique (Paterson et al. 1979),
unequal distribution of bacteria or the presence of bacterial antigens only (Jansson et
al. 1996), a low number of surviving cells in the tissues, persistence in an inhibited or
non-culturable state, or an avirulent and extremely fastidious variant of R. salmoninarum
(Evelyn et al. 1981).  In our study, R. salmoninarum showing an atypical growth form
was isolated from a subclinically infected fish. The pathogen was also isolated from
the same apparently healthy fish population as a smooth colony form. Usually, R.
salmoninarum produces creamy-yellow, convex, smooth colonies on agar media, with
a considerable variation in colony size (Ordal & Earp 1956, Sanders & Fryer 1980).
The growth of the atypical form was a thin layer of bacteial growth with no visible
colonies in the primary cultivation (Isolate 2). With microscopy, bacterial microcolonies
stained with Dienes’ stain were detected. However, the bacterium was able to recover
and revert back to smooth colony form during incubation in KDM2 broth or agar plates
incorporated with 2% NaCl. Temporarily inactive or resting dormant bacteria are well
known in the natural environment (Mason et al. 1986, Roszak & Colwell 1987, Roszak
& Colwell 1987, Barer et al. 1993, Magariños et al. 1994). They are viable but
nonculturable, intermediates leading either to active microbes or to death and lysis
(Mason et al. 1986).  The atypical growth of R. salmoninarum reported here may
represent an intermediate form between viable bacterial cells and “resting” or “dormant”
cells.
In the primary culture from the kidney, atypical growth was observed on KDM2 agar
plate, but not on SKDM, indicating most probably an inability of the bacterial cells of
the atypical form to grow in the presence of the four antimicrobials included in SKDM.
The small size of the colonies, penetration into the agar, staining with Dienes’ stain
and reversion to the “parent” form are typical properties of bacterial L-forms, which are
defined as a special type of growth derived or induced from a bacterium following
suppression of the rigid cell wall (Madoff 1986, Von Böckel & Bergmann 1989). L-
forms have been produced in laboratory conditions from cultures of Aeromonas
salmonicida subsp. salmonicida (Austin et al. 1993). However, in spite of several studies
having been performed on bacterial L-forms their role in infectious disease processes
is unresolved (Pachas 1986)).
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7  CONCLUSIONS
1. Aeromonas salmonicida subsp. salmonicida and the atypical Aeromonas salmonicida
strains can be differentiated using biochemical profiling including the following tests:
production of acid from sucrose, fermentation of α-methyl-D-glucoside, hydrolysis of
Tween 80, haemolysis, production of gas from glucose or maltose, production of acid
from L-arabinose, salicin and arbutin, and hydrolysis of aesculin.
2. The molecular methods used, ribotyping and plasmid profiling, distinguished
Aeromonas salmonicida subsp. salmonicida from the atypical Aeromonas salmonicida
strains.
3. Characterization of Aeromonas salmonicida subsp. salmonicida using ribotyping
showed that the Finnish strains formed a very homogeneous group. A Swedish strain
isolated from a fish farm situated by the Bothian Bay had the same ribopattern as the
Finnish strains, possibly indicating a common source of the infection. Other srains
from Sweden, Denmark, Norway and Canada had distinct types, but the differences
between the types were small. The results of RAPD had no association with
geographical area or fish species.
4. Atypical Aeromonas salmonicida could be divided into pigment-producing and
achromogenic strains, presuming the use of a medium containing L-tyrosine and
incubation of the medium for 7 days at 20-22 ºC to detect the brown pigment. Ribotyping
divided atypical A. salmonicida strains into 4 clusters, one of them containing two
subclusters. Achromogenic and pigment producing strains clustered in separate clusters
or subclusters. Ribotyping combined with PFGE pattern analysis are the methods of
choice for epidemiological studies on the atypical isolates.
5. Disinfection with hypochlorite effectively reduced the numbers of culturable
Renibacterium salmoninarum cells. However, examination of the test mixtures using a
recovery broth revealed that small numbers of injured but still viable cells of R.
salmoninarum were present at all concentrations of free chlorine after the treatment,
probably due to aggregation of the bacteria.
6. Renibacterium salmoninarum survived for an extended period in river water.  After
storage in autoclaved river water at 16 ºC for up to 20 weeks viable R. salmoninarum
cells were still detected.
7. An atypical growth form of Renibacterium salmoninarum isolated from subclinically
infected rainbow trout was able to convert to the smooth colony form in experimental
infection as well as in laboratory trials. PCR was the most reliable method for identifying
the atypical growth as R. salmoninarum.
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